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Abstract 
A multiple regression analysis has established a non-linear relationship between 
the backbone dihedral angles and theca coordinates obtained from the X-ray crystal 
structures of fourteen proteins. The regression equations have been applied to predict 
specific dihedral angles of each residue in the backbone of twenty-four proteins. 
Overall this method (NLRDT) predicts values of <j> and 'V within a ± 45° window of 
those found in the X-ray structure with an accuracy of 94% and 91% and within a± 30° 
window of 88% and 81%. 
Two methods for the assignment of motif from C a coordinates are reported. For 
the first method motif is assigned from the dihedral angles predicted using the 
regression equations. If the predicted dihedral angles of a residue fall in the range of 
-15° > <!> > -90° and -10° >\If> -70°, the residue is assigned as in an a-helix; and in the 
range of -90° > <!> > -150° and 95° < \If < 170° as in a P-sheet. By the second method 
motif of the ith residue is assigned from the distance Ci-1 a to Ci+2a (v 6) and torsional 
angle Ci-1 a, Cia, Ci+1a, Ci+2a (v 13). If these values for a residue fall in the range v 6 < 
6.0 A and 100° > v13 > 0° the residue is assigned as in an a-helix. If the values are in a 
range V6 > 8.7 A and lv13l > 100° the residue is assigned as in a P-sheet. For the twenty 
four proteins 23.7% of the residues by the former method and 19.6% by the latter 
method are assigned differently from the PDB. 
A Monte Carlo Protein Building (MCPB) method to construct the backbone and 
C~ atomic coordinates of twenty-four proteins from known ca coordinates is reported. 
The method selects values of dihedral angles from either ± 30° windows of the dihedral 
angle calculated for that amino acid by the Non Linear Regression Distance Torsion 
(NLRDT) method or from ranges established from a statistical analysis of the 
relationship between dihedral angles of the backbone and ca coordinates for a protein 
data base. The averaged coordinates from ten backbone models of a protein were used 
to define a mean structure that was refined by energy minimisation using the AMBER 
force field (GB/SA). By the latter method the average atomic deviation and r.m.s.d. of 
the backbone and C~ atoms is between 0.14 A and 0.32 A (average 0.22 A) and 0.22 A 
and 0.61 A (average 0.43 A) respectively. A comparison with other methods is made. 
A model of nine proteins including side chain atoms have been built from the 
known ca coordinates and amino acid sequences using a Monte Carlo Protein Building 
Annealing (MCPBA) method. The Cartesian coordinates for the side chain atoms were 
established with bond lengths and angles selected randomly from within ranges of 
values previously determined by analysis of fourteen protein crystal structures and with 
torsional angles randomly selected from -180° to 180 o. A simulated annealing 
technique is used to generate some 300 structures with differing side chain 
conformations. The atomic coordinates of the backbone atoms are fixed during the 
simulated annealing process. The coordinates of the side-chain atoms of the 300 low 
energy conformations are averaged to obtain a mean structure which is minimisation 
with the ca atoms constrained to their position in the X-ray structure using the 
OPLS/AMBER force field with the GB/SA water model. The r.m.s.d of the main-chain 
atoms (without C~) compared with the corresponding crystal structures is in the range 
0.20 A to 0.64 A with a average value of 0.45 A. The r.m.s.d of the side-chain atoms is 
from 1.72 A to 2.71 A with an average of 2.26 A. The r.m.s.d of all atoms is from 1.19 
A to 1.99 A with an average of 1.61 A. The method is insensitive to random errors in 
the C a positions and the computational requirement is modest. 
A full atomic model of 7c and 8c-1 coiled coil rod domain in wool protein has 
been established from the amino acid sequences using the MCPB/MCPBA method. For 
the particular knob-hole heptad repeat, for the single a-helix the rise per residue is 
1.464 A; the twist angle per residue 102.999°; the number of residues per turn is 3.524 
and the pitch 5.171 A. For the four coiled coil helical segments of the rod domain the 
pitch is in the range 124 A to 192 A (average 172 A); the radius of the coiled coil varies 
between 5.24 A to 5.92 A; the average value of the radius is 5.56 A; the average 
crossing angle of the helices in the coiled coil is 23.0°; the number of residues per major 
turn is 127.3 and there are 36.2 minor turns in a major turn. The interaction energy 
between the two a-helical chains in the coiled coil structure is evaluated from van der 
Waals non-bonded interactions, electrostatic and hydrogen bonding interactions. The 
ll 
optimum relationship of the a-helical chains to each other established the heptad repeat 
interaction; 34% of the leucine residues are located at the d position. Of the backbone 
hydrogen bonds in the protein a-helix between residues four apart, 18% have a distance 
between a donor NH nitrogen and acceptor carbonyl oxygen greater than 3.5 A .The 
hydrogen bonds between the side chains of the two a-helices in the coiled coil structure 
are largely between Arg and Glu, Arg and Asp and Glu and Asp. The distances of the 
C~ atoms of cysteine residues are > 4.5 A. This distance is outside that required for 
formation of disulphide bonds. The interaction of charged residues with apolar, polar 
and charged residues in the a-a, a-d, d-d, and d-a heptad positions accounts for 70% of 
the interaction energy. 
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Chapter One: Introduction 
Chapter One 
Introduction 
Keratin is a proteinaceous material. Keratin-containing tissues are typically 
unreactive toward the natural environment and are mechanically strong and durable. It has 
long been recognised that keratin is not a single material but a complex mixture of sulfur-
containing proteins stabilised by disulfide linkages. No precise definition of keratin exists 
and the term is used simply to denote an insoluble complex of sulfur-containing epidermal 
proteins. A distinction has been drawn between the so-called soft keratin found in stratum 
corneum, corns, callouses, and the eponychium of nails, and the hard keratin found in 
wool, hair, nails, claws, beaks, horns, and quills. Although the classification is based on 
tactile sensation, the two varieties of keratin contain different types of proteins and are 
produced by different modes of biosynthesis. Typically, soft keratin contains less sulfur 
than does hard keratin. I 
Keratin and keratin-containing tissues have also been classified on the basis of 
their high-angle X-ray diffraction pattern. Soft keratin generally results in a poorly 
developed pattern. Certain hard keratins give a pattern consisting of two broad halos with 
maximum spacing of 4.5 A and 9.5 A. The terms a-keratin, ~-keratin, feather keratin, 

















































































































































































Chapter One: Introduction 
Wool is a member of the class of hard a-keratin. Morphology of wool fibres has 
shown that fine wool fibres contain two types of cells, flattened, external cuticle cells and 
long, polyhedral cortical cells (Figure 1.1 Morphology of wool fibre2). The cuticle cells 
consist of three layers - epicuticle,3 exocuticle, and endocuticle - and overlap in the 
longitudinal direction of the fibre rather like tiles on a roof. They are separated from one 
another and the underlying cortex by a cell membrane complex similar to that which 
separates the cortical cells from one another. The cortex is divided into two sections called 
the orthocortex and paracortex. The structure within each cortical cell is complex, since 
apart from the remains of the cellular apparatus of the once-living cell labelled 'nuclear 
remnants' (Figure 1.1), there are successively smaller structures, called macrofibrils, 
interfilament material (also called matrix), and intermediate filament (also called 
submicrofibrils or protofibrils). The diameter of wool fibre is generally in a range from 
10 to 80 !liD. 
The cortical cell constitutes by far the largest amount of the fibre (about 86.5% in 
fine wool fibre) and is responsible for many of its important physical properties, such as 
elasticity. The length and width of the cortical cell is typically 95 ll and 5.5 ll 
respectively. It appears that the cortical cells are many-sided polyhedra which pack 
together without leaving any free space. The orthocortex and paracortex are 
approximately hemi-cylinders wound around each other helical is in phase with the crimp 
of the fibre. There are many differences between the orthocortex and paracortex. One of 
the differences is that the microfibril structure is different in the two cortices. The 
arrangement of the microfibril structure is much more regular in the paracortex than in the 
orthocortex. 4 
The macrofibrils represent aggregates of microfibrils. A single macrofibril is about 
15 !llong and 0.3 J..L in diameter. The scanning electron micrographs of macrofibrils have 
proved that the structure of macrofibrils is similar in shape to cortical cells, with finger 
like projections at their ends and occasionally along their length. Some of the macrofibrils 
have a twisted appearance. 5 
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A molecular model of wool was first suggested by Astbury fifty years ago. 6 That 
model was a two-phase structure for microfibrils of keratin fibres, consisting of 
crystallites which give rise to the specific X -ray diffraction pattern (a-helical pattern of 
intermediate filament), embedded in an amorphous matrix of high sulfur content. The 
latter are now termed intermediate filament associated proteins (IFAP). Covalent disulfide 
bonds weld the constituent proteins into a mechanically stable structure of wool 
microfibrils.7 X-ray diffraction shows the basic structure of microfibrils is constant and 
common for all a-keratin. Electron microscopy of stained cross sections of microfibril 
confirmed the two-phase structure of micro fibrils. 8 The diameter of microfibrils was 
determined from electron microscopy to be 73 ± 1 A. The packing of microfibrils in the 
paracortex of fine wool can be of various geometric types, but in some areas 
approximates to centred hexagonal packing.9 Corresponding values for the centre-to-
centre distance between microfibrils of the hexagon are 88 ± 1 A. The appearance of 
layers or sheets of microfibrils, particularly in the orthocortex can be due to the tilting of 
microfibrils.10 
The submicrofibril protein of hard a-keratin of wool fibres belong to the class of 
intermediate filament (IF) proteins11 and are considered to be a special set of epithelial 
cytokeratins .12, 13 The question of the nature of the intermediate filament and its 
organisation within the microfibrils is probably the most fascinating and elusive problem 
in the area of a-keratin structure. The interest results from the early X-ray work which 
showed evidence that the structural order lies mainly within the microfibril and gave rise 
to the postulation of the coiled-coil a-helix by Crick 14 and Pauling.15 This basic structure 
of intermediate filament proteins is now well-proved. 
Since the physical properties of wool fibres are largely determined by the 
microfibrils and intermediate filament structures, the structural analysis of microfibrils 
and intermediate filaments of keratin is of economic and practical interest. 
The intermediate filament of the hard a-keratin has a well-oriented protein 
structure and this feature allows high quality X-ray diffraction patterns to be obtained. 
However, the extent of disulfide bonding has greatly limited chemical investigation and 
4 
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few amino acid sequences exist to complement the X-ray data.1 6 Therefore, the problems 
posed by wool have proved to be extraordinarily complex. 
Intermediate filament proteins exist not only in a-keratin, but also in non-keratin 
tissues. About 40 different intermediate filament proteins have been described so far. 17 
Within this group of proteins five families can be recognised by immunological and 
nucleic acid hybridisation techniques_l8,17 Many of the recent advances in keratin 
structure have arisen from investigations into non-keratin members of the IF family of 
proteins. These non-keratin proteins have yielded a wealth of complementary data and 
have permitted new insights into the structure of keratin proteins. 
1.1 Proteins in wool 
The hard a-keratins of wool fibres comprise intermediate filament structures 
embedded in non-fibrillar matrix (IFAP) as described above. The task of preparing and 
purifying soluble derivatives of keratin protein has proven to be difficult. The most 
widely studied type of derivative has been prepared by reduction of the disulfide linkages 
in disaggregating media such as 8M urea followed by alkylation with iodoacetic acid to 
give sulfide (S)-carboxyl-methyl derivatives.l9 Such reduced S-carboxy-methylated 
extracts can be readily fractionated into three families of proteins on the basis of amino 
acid composition, conformation, and structural origin; two of these originate in a ground 
substance or matrix (IFAP) of keratin while the third is derived from microfibrils. The 
matrix contains two distinct groups of proteins, one characterised by having a higher 
sulfur content than whole keratin (termed high-sulfur proteins) and the other by a high 
content of glycine residues (glycine-rich proteins). All the glycine-rich proteins so far 
studied contain cysteine and an unusually high proportion of aromatic residues, 
particularly tyrosine. The microfibrils are ordered aggregates of a family of proteins that 
have a lower sulfur content than the whole keratin (termed low-sulfur proteins). 
Chromatographic studies of the microfibrillar proteins from wool fibre suggest 
that there are eight low-sulfur protein species, divided into two classes of four each. 
Based on the classification of the intermediate filaments (IF), these two classes of wool 
5 
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microfibril proteins are divided into Type I containing components 8a, 8b, 8c-1 and 8c-2, 
and Type II containing components 5, 7a, 7b and 7c.20 The wool microfibril proteins 
have molecular weights in the range 45-58 KD21 and isoelectric points from 4.7 
to 5.4.22 There are 903 residues in the intermediate filament (component 8c-1 and 7c) of 
the microfibril protein of a-keratin of wool fibre in which 7c has 491 residues and 8c-1 
has 412 residues. The coiled-coil rod domain contains 622 residues, the N-terminal 
domain contains 164 residues and C-terminal domain contains 117 residues (see Table 
1.1). The number of residues in the intermediate filament associated proteins (IFAP) is 
unknown in wool fibre and varies markedly in different keratins.23 Because of the 
similarities in the physical and chemical properties of microfibril proteins and the fact that 
fractionation experiments must be carried out in disaggregating media, isolation of single 
purified microfibril proteins is difficult. Nevertheless, four such proteins (8a, 8c-1, 7c 
and 5) have been obtained from the microfibrils of wool fibre, two from each class, and 
extensive amino acid sequence data determined for each of them.24 
The complete amino acid sequences including both end domains of component 8c-
1 (type I) 25 and 7c (type II)26 have been published. A detailed secondary structural 
analysis of the component 8c-1 has also been reported.27 Modern DNA techniques have 
enabled the nucleic acid sequences corresponding to keratin proteins to be determined 
such that a wealth of primary structure data has become available for study and this has 
precipitated exciting developments. 
The analysis of the homology of the amino acid sequence in the type I and type II 
chains shows a high degree of similarity of residues exists in the rod domain segments 
within each of the keratin chain types.28 Component 8a (type I) lacks the C-terminal 30 
amino acid residues of 8c-1 but the sequence is otherwise highly homologous with that 
of 8c-1 (Table 1.1). At least 92% identity exists between the sequence of the rod domain 
segments of two Type I components (8a and 8c-l). Comparison of the two type II 
sequences 5 and 7c shows that at the N-termini and C-termini there is essentially no 
homology. At least 90% identity exists between the sequences of the rod domain 
segments of components 5 and 7c (Table 1.1).29 
6 
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Crewther29 also compared a Type I 8c-1 and a Type II 7c of hard keratin protein 
and noted about 30% identity. There is therefore essentially little homology between the 
Type I and the Type II protein. Amino acid sequence similarity among members of each 
keratin sub-family varies. Generally the a-helical rod domains of IF proteins are 50-70% 
identical and the head and tail regions are less similar.30 The coiled-coil rod domain has 
high overall conservation of amino acid residues. This probably is typical of intermediate 
filament protein from a number of sources.31 
































































Sequences are compared within classes. Numbers in each column are of residues in that 
segment. Note that the sequence of component 5 C-terminal is incomplete. 
1.2 The coiled-coil model 
The a-helix model of proteins proposed by Pauling and Corey33 satisfactorily 
accounts for a meridional reflection of spacing about 5.4 A in the X-ray diffraction 
pattern of synthetic polypeptides in the a form. However, this simple model does not 
predict a meridional reflection of spacing about 5.15 A as observed in the a-pattern34 
obtained from the so-called keratin-myosin-epidermis-fibrinogen (k-m-e-f) group of 
fibrous proteins. Crick,14 and Pauling and Corey35 independently suggested that this 
7 
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observed reflection could be accounted for if the axes of the a-helices in these materials 
were distorted so as to follow a long-pitch helix. The resulting polypeptide chain 
conformation was termed a coiled-coil. 
The distortion was envisaged by Pauling and Corey35 to result from a repeating 
sequence in which the individual residues formed hydrogen bonds of slightly different 
lengths. The origin of the distortion was considered to be intrahelical. Crick 14 attributed 
the distortion to interhelical interactions. 
The radial projection of an a-helix with a unit twist t = 4rt/7 has exactly 3.5 
residues per turn (see Figure 1.2). If the side-chains are considered as "knobs" or 
"holes", the pattern of knobs and holes on the surface of the helices would allow two 
such helices to be brought together, with their axes parallel, in such a manner that the 
knobs on one helix mesh with the holes in the other. 
0 27t 0 21t 
(a) (b) 
Figure 1.2. Radial projections of a-helices with (a) 3.5 residues per turn and 
(b) 3.6 residues per turn. The dark circles show the pattern of contacts 
formed by a second a-helix when brought into contact with the first. The 
rotation and the translation of the helices has been chosen for optimum "knob-
hole" packing. In (b) "knob-hole" packing can be attained over a short length 
if the axis of the second helix is inclined to the axis of the first helix. 
8 
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Crick 14 pointed out that the same type of knob-hole packing could be achieved 
with a-helices having other values oft if the axes of the helices were mutually inclined at 
an appropriate angle and coiled around each other. The greater the departure oft from the 
value of 4rr/7, the greater is the tilt required to maintain knob-hole packing. 
Fraser1 developed a simple relationship connecting ~t, where ~t = t - ( 4rr/7), the 
unit height h, the radius of the coiled-coil r0 , and its pitch P: 
P = (2rr/ ~t) [h 2_ ( r 0~t )2] 1/2 1.1 
In all known cases t is less than 4rr/7 and so ~t and P are negative. The equation ( 1.1) is 
formulated by Fraser for right handed a-helices. A negative value for P corresponds to a 
left-handed major helix. 
The coiled-coil structures of fibrous protein are also found in globular and 
membrane proteins.36 For example, Landschulz37 proposed that the leucine zipper found 
in some DNA-binding transcription activator proteins was a-helical and dimeric in 
structure. The structural data from the X-ray38,39 and NMR40 studies showed leucine 
zipper is a coiled-coil homodimer with 33 residues in each chain. A membrane protein 
colicin A has been shown41 to consist of a bundle of ten a-helices in a coiled-coil. More 
than 200 proteins that probably have coiled-coil structures are known, including a- and 
~- tubulins, flagelins, G protein b sub-units, some bacterial transfer RNA synthetases, 
and members of the heat shock protein family. 
1.2.1 The coiled-coil quations 
The equations of the coiled-coil were described by Crick. 14 The coiled-coil helix 
(major helix) is expressed as; 
x = r0 cos(co0 t + <p0 ) 
y = r0 sin(co0 t + <p 0 ) 1.2 
9 
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and the minor helix can be expressed as; 
x' = r1cos(ffi1t + <pl) 
y' = r1sin(ffi1t + <p1) 
z' = 0 
10 
1.3 
where x, y, z are the coordinates of the coiled-coil helix (major helix) and x' y' z' those 
of the minor helix. The a-helix has a radius r0 and a repeat distance of P in the z 
direction. The pitch angle of the major helix, a, is given by tana = 2nrofP. 
A mathematical transformation of Cartesian system in 3D from the minor helix 
into the major helix can produce a further expression for the coordinates of atoms in the 
minor helix in terms of the major coordinates frame as; 
x = r0cos(ffi0 t + <p0 ) + qcos(ffitt + <p1)cos(ffi0 t + <p0 ) + qcosasin(ro1t + <pi)sin(root + <po) 
y =- r0 sin(ro0 t + <p 0 )- qcos(ffiit + <p1)sin(ffi0 t + <p0 ) + qcosasin(ffiit + <pi)cos(ffiot + <ro) 
z = P(ffi0 t/2n) + z0 + qsinasin(ffiit +<pi) 1.4 
The parameter <p1 can be calculated from 
Where; 
r0 = the radius of the major helix, 
q = the radius of the minor helix, 
<p0 = the phase angles of the axis of the minor helix, 
<rs = the phase angle of atom on the minor helix, 
ffio =the rotation angle of atom in major helix n, 
1.5 
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ffil = the rotation angle of atom in minor helix, 
M = the number of residues in a repeat distance P (pitch), 
t = 1, 2, 3, ...... M, 
a= the pitch angle, 
p = the pitch or the repeat distance on z axis direction in major helix, 
Zs = the starting height of atoms on minor helices, 
N 1 = the number of turns of the minor helix, 
N0 =the number of turns of the major helix. 
11 
The structure of the coiled-coil helix repeats after a distance c (c = N0 P) in the Z 
direction. The parameters used in the equations of the coiled-coil helices were also 
proposed by Crick based on the X-ray pattern of hard a-keratin as; 
Turns of the major helix, 
Turns of the minor helix, 
Atoms in the set, 
Repeat distance, 
Radius of major helix, 
1.2.2. The Fourier transform 
No= 1. 
N1 = 36. 
M = 126. 
c = 186 A 
r0 = 5.2 A. 
The Fourier transform of helical structures has certain characteristic features and 
an understanding of these features is useful for the interpretation of diffraction patterns 
obtained from fibrous proteins. The theory of diffraction by helical structures was first 
given by Cochran et al42 45 years ago and has been considerably amplified by Klug.43 
Crick35,37 described a method for calculating the Fourier transform of a coiled-
coil of the fibrous proteins and alternative derivations have been discussed by Lang44 
Subsequently Pardon45 showed that certain of the assumptions made in these treatments 
were not strictly correct but it was considered that the error involved in using Crick's 
method would be small since the distortion of the a-helix was relatively slight. 
12 
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Fraser46 presented a method of calculating the Fourier transform, which is not 
subject to these uncertainties, and depends on the fact that coiled-coils contain a repeating 
unit of seven residues which is arranged with helical symmetry. Exact calculations can 
therefore be carried out using the following formula for a single set of points of a coiled-
coil helix.48 
C(R, \jf, lie)= LLLL/p(2nRro) 
p q d s 
Xlq(2nR r 1)Js(2n(lle)r1 sina) 
xJd(2nR1)exp{i[p(\jf -<p0 + n/2) + q(- \jf + <p0 + (j)I + n/2) 
+ s(n + <pl) + d(\j/ + <i>l- <p0 + n/2)- m'<pM + (27tz0 lle)]} 
subject to the restriction that, 
1.6 
1.7 
where p, q, s, d, and m' may take any integral value, positive or negative. R, \jf, lie ( =Z) 
are cylindrical coordinates of the scattering transform in reciprocal space; r0 , <p0 , z0 are 
the polar coordinates of origin of the rotating frame at t = 0; c is repeat distance and l is an 
integral number; r1 = rl(l+cosa)/2 and L1 = r1(1-cosa)/2. r1, <i>I> <pM, a, Nl> N0 and M 
are defined in the equation 1.5. Equation 1.6 may be simplified since a"" 10° and so L1 
is small and dis restricted to zero, therefore the Bessel function Jd(2nRL1) = J 0(0) = 1. 
The Fourier transform C(R, \jf, Z) is non-zero only on the layer-line (l is the 
number of the layer-line) since the structure is periodic in the z direction but non-periodic 
in the other two directions. In the case of an infinite coiled-coil with perfect helical 
symmetry the diffraction pattern would be confined to a set of layer lines with Z 
coordinates. 
The nature of the solution of equation 1.6 is simply described in term of 
parameters m and A, which are related to l by 
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Z(m, l) =lie= mlh +AlP. 1.8 
where P is the pitch of the coiled-coil, h is the height of the seven residues 
asymmetric unit, and m and A, are integers. The equation 1.8 emphasises the fact that the 
coiled-coil can be regarded as a simple helix of pitch P with asymmetric units of seven 
residues distributed at vertical intervals of h. The Fourier transform will consist of 
branches emanating from the origin, and a series of points on the meridian with a 
distance of mlh from the origin, where m = ± 1, ± 2, etc. The separation between each 
layer line and the next in a branch will be 1/P. 
From the Fourier transform, Crick explained that the 5.15 A meridional reflection 
would be described by m = 2, A,= 0, the 1.5 A meridional reflection by m = 7, A,= 0 and 
the 10 A equatorial reflection by m = 0, A, = 0 ± 1, ± 2 etc. Thus the general features of 
the observed X-ray pattern of the coiled-coil proteins can be predicted and explained by 
the Fourier transform. 
1.3 The models of intermediate filament protein 
1.3.1 Two chain model 
Many features of keratin IF structure have now gained wide acceptance. These 
include the observation that the chains in both the hard and soft keratin form a central rod 
domain. An amino acid sequence assumes the central rod domain contains a succession 
of seven-residue peptides (heptads) of the kind of (a-b-c-d-ej-g)n with a high probability 
of adopting an a-helical conformation, enclosed by non-a-helical N- terminal and C-
terminal domains.47,48,49,50 The heptad substructure and a-helical rich features of the 
rod domain are indicative of a coiled-coil conformation characteristic of all a-fibrous 
proteins. The rod domain is about 47 nm long and consists of two segments (segment 1 
and 2), each about 22 nm in length. Segment 1 (1A-L1-1B) comprises two heptad-
containing segments 1A and 1B separated by a variable length. The number of residues 
in the variable length region is different for different fibrous proteins and is referred to as 
the non-coiled-coil link L1 region. Likewise segment 2 (2A-L2-2B) contains a pair of 
14 
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heptad-containing segments 2A and 2B which in this case are separated by a constant 
length (eight residues) non-helical link L2. Segment 1 and 2, in turn, are connected by a 
non-helical link L12 (See Figure 1.3) 
Coiled coil rod domain (47 nm) 
J\ 1<11 J\Jllld 
End 1A L1 1B L12 2A L2 2B End 
8c-1 55 35 11 101 16 19 8 121 71 -
7c 109 35 10 101 17 19 8 121 46 
Figure 1.3. The model of the coiled-coil rod domain in the fibrous proteins 
Strong evidence has been presented that keratin molecules consist of two 
heteropolymers,51,52 and that the two chains in the coiled-coil are both parallel and in 
axial register.53,54,55,56 It is clear that the rod domain of wool protein is made up from 
the intermediate filament proteins of Type I and Type II chains such as chain 8c-1 and 7c. 
From various analyses of the secondary structure of IF proteins, it is evident that 
all IF chains possess a central a-helical rod domain flanked by end domains of widely 
different size and chemical character. Thus, differences in the size and properties of IF 
proteins are due almost entirely to the variability of their end domains. The end domains 
have commonly high glycine content configured in tandem quasi peptide repeats of the 
form aliphatic- (glycine/serine)n.57 
1.3.2 Four chain model 
For wool the evidence is convincing that there is a four-chain complex consisting 
of a pair of two-chain coiled-coil molecules.13,58 A four-chain structural unit has been 
isolated from hard and soft keratin.59 The pair of these two coiled-coil molecules is 
considered the smallest, stable subfilamentous oligomer that can exist in solution. 60 The 
15 
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models of keratin intermediate filament protein invoke the following hierarchical steps in 
assembly from constituent protein chains:61,62,63 (a) two compatible chains align 
themselves in parallel and in axial register to form a two chain coiled-coil molecule;64 (b) 
a pair of these two coiled-coil molecules form a four chain complex;65 and (c) a number 
of these four chain complexes ranging from about 7 to 8 in a cross-section of 
· microfibril,66 associate largely by intermolecular ionic interactions of the rod domains to 
form the intact keratin IF protein. 67,68 
1234 56 7 12345678 
-180o Oo 180o -180o oo 
(a) (b) 
Figure 1.4. (a) Radial projection (not to scale) of the a-keratin IF surface 
lattice based on seven repeating units per 47 nm (h). Lattice vectors a and b 
have axial projections of Za (7.42 nm) and Zb (19.79 nm), respectively. When 
wrapped around a cylindrical surface the lattice does not form continuous 
helices, and the dislocation is indicated by a full line. The filament may be 
regarded as being made up of seven subfilaments (shown black dotted), as 
indicated by the number at the top of the diagram. There is a stagger of Zb 
between adjacent subfilaments. The filament has true helical symmetry69 with 
a basic helix of pitch -344.7 nm, a unit height of 47 nm, and a unit twist 
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-49.1° (b) As in (a) except that lattice is based on eight repeating unit per 47 
nm. Excellent agreement with linear mass estimates70,71 is obtained. The 
agreement in (a) is less satisfactory and the possibility of a central subfilament 
has been proposed by Fraser.70 
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Fraser and colleagues 72 have documented an extensive series of meridional 
reflections in the diffraction pattern from the highly oriented keratin of the porcupine 
quill. They indexed these data in terms of a helical surface lattice with an axial repeat of 
4 7 nm containing seven or eight steps on a basic helix of 22 nm pitch. They proposed 
that each of these steps or lattice points is occupied by a four-chain unit. On the basis of 
the estimates 73 of the linear mass distribution in IF protein using scanning transmission 
electron microscopy (STEM), it is believed that a single four-chain unit is associated with 
each surface lattice point of the microfilament of keratin74 (see Figure 1.4). 
The way in which these two-stranded coiled-coil molecules aggregate to form 
higher-order polymers of four chains in IF is, however not certain. Crewther64 proposed 
that the number of possible ionic interactions between neighbouring segments would be a 
major determinant in their alignment. He pointed out that the maximum numbers of 
favourable ionic interactions occur when the segments lB and 2B of neighbouring 
molecules are adjacent. Thus, there are four simple possibilities: neighbouring molecules 
could be parallel or anti-parallel, in exact axial register, or half-staggered. From chemical, 
electron microscope and theoretical analysis it has been shown that each four-chain 
complex consists of a pair of anti-parallel molecules rather than of a pair of parallel 
molecules.73 Therefore, the four possibilities are reduced into two. These two possible 
modes of association of a pair of anti-parallel molecules have been suggested. In the first 
the molecules are almost completely overlapped74 and in the second the molecules are 
approximately half-staggered. 75 
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IA IB 2A 2B 
Nj H r--D-1 
cl rD---1 H 
2B 2A 1B IA 
(a) 
IA IB 2A 2B 
Nl H r--D-1 
Cl rD---1 H IN 
2B 2A 1B lA 
(b) 
Figure 1.5. The model of assembly of coiled-coil rod domains in the tetramer 
of IF protein (the end domains are not drawn). (a) The two coiled-coil rod 
domains in the tetramer of IF are anti-parallel and in axial register. (b) The 





Both models may be possible in native IF proteins. Based on a theoretical analysis 
and calculation of the surface lattice of IF proteins of hard a-keratin, Fraser et ai7 6 
suggested that the tetramer model had a high potential for establishing favourable ionic 
interactions and disulfide bonds between two coiled-coil ropes77 in an anti-parallel and 
staggered conformation. Potschka et ai.78 confirmed the two coiled-coil rod domains in 
the tetramer are staggered by approximately 15 nm in desmin protofilaments by using 
high-resolution gel permeation chromatography (GPC) and electron microscopy 
techniques. 
The disulfide bond is also an important factor to be considered in the assembly of 
tetramer. A theoretical study80 of potential disulfide bonds between the rod domains of 
wool microfibrillar proteins showed that the only possible disulfide bonds were between 
the 2B segments of different tetramers. The tetramers are pairs of heterodimers formed by 
parallel in register association of the monomeric IF protein. This study identified potential 
disulfide bonds between the 2B segments of components 7c and Sc-1. It was suggested 
that three out of the four cysteines in the 2B segment of each of these proteins were 
involved giving a total of six inter-rope disulfide bonds. In order to form these six 
disulfide bonds a stagger of thirteen residues must be postulated between 2B segments of 
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adjacent tetramers. However, when the sequences of components 8a (Type I) and 5 
(Type II) are examined in the same way it is found that for component 8a only one of the 
four cysteines in the 2B segment of 8c-l is present while for component 5 three out of the 
four cysteines in the 2B segment of 7c is present. Thus for the combination of 
components 8a and 5 it is possible that only two disulfide bonds are formed in this 
region; It may be however, that in the native filaments, components 8a and 5 are not 
associated. The concept suggested by these considerations is that of specificity of 
association determined by the potential for disulfide bond formation. This cannot be 
explored further until sequence data is available for the other wool microfibrillar proteins. 
Outside the helical segments, disulfide bonds cannot be easily predicted as the 
protein conformation in these segments is not understood. However, it should be pointed 
out that the positions of cysteines throughout the entire homologous regions of the two 
pairs of proteins are not highly conserved. This suggests that the proteins in these pairs 
are not functionally equivalent. Because the conformation of the linking segments of the 
coiled-coil rod domain is not known it is still not possible to suggest a detailed structure 
for the tetramer repeat of wool IF protein. 79 
1.4 Heptad repeat of intermediate filament protein 
Crick14 pointed out that a key 5.15 A meridional reflection in the X-ray pattern 
could arise from layers of side-chains between interlocking a-helices. He showed that a-
helices with about 3.5 residues per turn could mesh together locally if their axes were 
inclined to each other at about 18°. Moreover, if the amino acid sequences have a seven-
residue 'heptad' repeat, in which a and dare generally apolar residues (Figure 1.6), then 
an apolar surface stripe would arise inclined around the axis of each a-helix. The 
physical basis of long range super-coiling, then, is a regular pattern of 'knobs-into-holes' 
















Figure 1.6. Seven positions in heptad repeats of residues in coiled-coils 
The first a-fibrous protein sequence to be determined was in fact that of 
tropomyosin. The two chains of 284 residues in each chain in this protein were shown to 
have an unbroken periodicity, 40 heptads in length.80 Other representative proteins in the 
k-m-e-f class have been sequenced and also found to contain long tuns of heptad repeats 
in these IF proteins.81,82 
The coiled-coil is a structure stabilised by the interactions between a-helices. This 
coiling not only optimises interchain packing of apolar residues, but also allows specific 
interchain ionic interactions to be made which define the relative chain alignment and 
direction. Thus the essential aspect of the coiled-coil structure is not the bending of the 
axis of the a-helix in the supercoiled conformation, but the systematic side-chain 
interactions that are permitted. It is believed that the heptads of the residues in the two 
helical chains are one of the essential properties of the coiled-coils. Most investigators 
have shown that the a and d positions in heptads in the coiled-coil helices are mostly 
occupied by apolar residues, 83 leucines are especially located at the d position. 84 In the 
fibrous proteins, more than 34% of leucine residues are located in the d position. 85 The 
heptads of residues are found not only in IF proteins but also in membrane proteins and 
in globular proteins.86 For example, in the protein 2ZTA, the percentage of leucine 
residues occupying in the d position is as high as 67% (8112) in both helical chains 
respectively. 
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Except gly and pro the apolar residues (Ala, Ile, Val, Leu, Phe, Pro, Met and Gly) 
are good helix-formers in protein.87,88 However, it is not clear why the Leu residues 
have a particularly preference on the d position among these apolar amino acid residues. 
Cohen and Parry89 explained that the P-branch of the side-chain can have an influence on 
the packing of the a and d positions. A side-chain in the d position points directly into the 
interface, whereas a side-chain in the a position points out from the interface. This fact 
explains the observed preference in the fibrous proteins for P-branched side-chains (Ile or 
Val) in the a position where they can redirect part of their side-chain back into the core. It 
also explains the tolerance in all coiled-coils for the Lys residues in the a but not the d 
positions. 
The presence of branching in the amino acid residues of position a and d 
determines the state of oligomerization of the a-helical chains.90 Ile in the a and Leu in d 
yields the zipper-like two stranded structure. Ile in both a and d position yields a three-
stranded coiled-coil structure; and Leu in a and Ile in d give rise to a four-stranded 
assembly. Thus P-branched side-chain of residues tend to destabilize particular modes of 
packing. These results are consistent with the sequences of known two- and three-
stranded a-fibrous proteins.91 However, this point is not universally accepted and further 
data will be required to settle this point. 
Since the a and d positions are on the inter-face of two coiled-coil helical chains 
(Figure 1.6) or in the "core" positions in the coiled-coil structures, the non-polar residues 
are expected to be located in the a and d positions because the residues of non-polar 
residues mostly prefer knob-hole interactions and are hydrophobic. Charged amino acid 
residues prefer the outside of the helices such as b, c, f positions and are directed 
towards the polar solvent. 
In the models of the coiled-coils, the heptad positions of the residues of two or 
more a-helical chains can be defined by independently rotating two phase angles ( <1>1 and 
<!>2) of the minor helix as shown in figure 1.6. If the phase angles ( <1> 1 and <!>2) of the 
residues are rotated with respect to each other, the residue positions in the heptad repeats 
21 
Chapter One: Introduction 
can be defined by meeting the criteria according to which most Leu residues are located at 
the a or d positions in the two chains of the coiled-coil structure. 
1.5. The strategy of modelling studies 
Computer modelling of protein structures has been growing rapidly with the 
development of computer techniques and technology in recent years. Computer 
modelling techniques can calculate 3D structures of a protein from the experimental data 
of X-ray and NMR methods.92 The proteins for which a 3D structure can not be 
determined by X-ray or NMR can be simulated and predicted from the presented 
information of the protein. The properties of protein structures such as interaction 
energy, hydrogen bonding, disulfide bonds etc. can be predicted by computer based 
studies. 
Several investigators have made progress on modelling coiled-coil proteins since 
the structure was first proposed. Fraser48 was the first to calculate the coordinates of the 
thirty-five atoms in a coiled-coil model. He used a radius 5.2 A and a pitch 186 A. He 
examined the distortion of individual bond lengths and inter bond angles in the coiled-coil 
structure. He pointed out that in a coiled-coil the distortion would not be uniformly 
distributed. It is likely that most of the distortion will be accommodated by changes in the 
torsion angles of the backbone and in the interbond angle rather than by changes in bond 
lengths. His model was built in the manner of a right handed coiled-coil with left handed 
a-helices because at that stage, it was not clear that the a-helix of L-amino acids was 
right handed and the supercoilleft handed. 
Parry and Suzuki93 established a coiled-coil model of poly-L-alanine with a pitch 
of 186 A and radius of 5.2 A by using Crick's equations and corresponding parameters. 
The model was for a left handed supercoil and for right handed a-helices. The energy 
associated with the coiled-coil model was estimated by using simple non-bonding 
interactions involved in Vander Waal and electrostatic interactions. The potential energies 
in straight and deformed a-helices were compared. The energy of deformation from the 
straight a-helix was small, as Crickl4 had estimated. 
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McLachlan94 constructed a space-filling model of the coiled-coil structure of 
Murein Lipoprotein, a membrane of homodimer protein with 58 residues in each chain.95 
The pitch was set at 186 A and the structures confirmed that the coiled-coil model is 
stereo-chemically reasonable. Energy calculations for a series of coiled-coils with 
different radii suggested that the best structure is one with the helix axes 8.25 A apart i.e. 
a radius of the coiled-coil of 4.125 A. 
Nilges96 developed an approach for the modelling of coiled-coil structures by 
molecular dynamics and applied the method to the protein CAP,97 part of which forms a 
coiled-coil, and to the leucine zipper GCN4.98 Both models were built with an infinite 
pitch (the two helical chains are almost parallel) and a radius of 5.2 A. The average 
r.m.s. deviation of the model structure of CAP, compared with the X-ray structure is 0.7 
A for the backbone atoms if the first and last three residues of backbone are ignored and 
1.3 A for the buried side-chain atoms and 2.7 A for the outside side-chain atoms. The 
r.m.s. deviation was not obtained for leucine zipper because the X-ray crystal structure 
of 2ZTA was not available at that time. The radius of 5.2 A of coiled-coil in the model of 
leucine zipper reduced to 4.9 A in the final model. 
In the past few years structural information for proteins has been growing in an 
exponential-like fashion. Determinations of protein structures by X-ray crystallography 
and NMR spectroscopy have contributed significantly to this expanding database of 
knowledge. Crystallographic information is complied in the Brookhaven Protein 
Databank (PDB)99 and for coiled-coil protein crystals, the data entries are limited to a few 
coiled-coils such as leucine zipper (2ZTA)lOO, 1ROP,101 and tropomyosin.l02 
Based on the structural information, several investigators have developed 
computer-aided model building algorithms for the purpose of constructing all atom 
structures. The methods can be divided into generation of all-atom structure from the 
segment matching of homologous proteins whose structures are in the PDB and the 
generation of the all atom structures of proteins from ca coordinates. The accuracy of the 
methods can be established by comparison of the model structures with the 
corresponding X-ray structures. 
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Our strategy for the modelling of the coiled-coil structure in wool protein is 
discussed in the following chapters. The generation of the ca coordinates for the coiled-
coil model is carried out by using Crick's equations. The generation of all atomic model 
is effected by Monte Carlo Protein Building (MCPB) (see Chapter 2 and 3) with 
simulated annealing techniques (MCPBA) (see Chapter 4). This building process can 
involve varied initial parameters of the coiled-coils, The method was tested on a set of 
nine proteins and a small coiled-coil protein GCN4 and compared the model structures 
with the corresponding X-ray crystal structures (Chapter 4). From the model, a series of 
properties of the coiled-coil rod domain of wool protein is examined (Chapter 5); The 
interaction between two coiled-coil helical chains, the residues in the heptad positions 
along the chains, the hydrogen bonds and disulfide bonds in the side-chains, the surface 
and volume of the rod domains etc. are examined. The results of these studies will be 
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Chapter Two 
Assignment of secondary structure from Ccx coordinates 
Summary 
A multiple regression analysis has established a non-linear relationship 
between the backbone dihedral angles and the ccx coordinates obtained from the 
X-ray crystal structures of fourteen proteins. The regression equations have been 
applied to predict specific dihedral angles of each residue in the backbone of 
twenty-four proteins. Overall this method (NLRDT) predicts values of <1> and 'V 
within a± 45° window of those found in the X-ray structure with an accuracy of 
94% and 91% and within a± 30° window of 88% and 81%. 
Two methods for the assignment of motif from ccx coordinates are 
reported. For the first method motif is assigned from the dihedral angles predicted 
using the regression equations. If the predicted dihedral angles of a residue fall in 
the range of -15° > <j> > -90° and -10° > \jf > -70°, the residue is assigned as in an 
a-helix; and in the range of -90° > <j> > -150° and 95° < \jf < 170° as in a P-sheet. 
By the second method motif of the ith residue is assigned from the distance Ci-lcx 
to Ci+2cx (v6) and torsional angle Ci-lcx, Cia, Ci+lcx, Ci+2cx (v13). If these values 
for a residue fall in the range V6 < 6.0 A and 100° > V13 > Oo the residue is 
assigned as in an a-helix. If the values are in a range V6 > 8.7 A and lv13l > 100° 
the residue is assigned as in a P-sheet. For the twenty four proteins 23.7% of the 
residues by the former method and 19.6% by the latter method are assigned 
differently than in the PDB. 
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2.1. Introduction 
The prediction of the backbone structure and motif of proteins from known ca 
coordinates has attracted wide attention because these coordinates are more readily 
available from X-ray experiments than the coordinates of all atomsl,Z and are often the 
first to be defined during crystallographic analysis. We are interested in being able to 
predict all the atom coordinates of the intermediate filament of the rod domain of wool 
protein. For this reason our attention has been directed to understanding further the 
relationship between the ca coordinates, motif and dihedral angles of the protein 
backbones. 
The assignment of motif is generally based on a consideration of the distances 
between specific ca coordinates along with hydrogen bond distances or on the dihedral 
angles of the backbone. For example, Levitt and Greer3 have developed three methods to 
assign a-helix and ~-sheet. The first concerned the torsional angle (a-angle) of the four 
consecutive ca atoms (Ci-2a to Ci+I<X) such that if the angle is between 10° and 120° the 
motif of the residues i to i+3 are assigned as a right handed a-helix; if the values are 
between 120° and 270° the residues are assigned as a ~-sheet; and for values between 
-90° and 0° the residues are assigned as a left handed a-helix. The second method uses 
hydrogen bonds to identify motif (H-bond method). The peptide nitrogen atom is 
assumed to be midway between Ci-1 a and cia· The peptide oxygen atom was positioned 
1 A from the nitrogen perpendicular to the plane through theca atoms of residues i-1, i 
and i+ 1. A hydrogen bond is defined between the Ni and Oj, when j-i > 2, the distance 
between Ni and Nj is less than 6 A and the angle between the Oi-Ni and Oj-Nj vectors is 
within 60°. When this is the case the residues i-1 to i+1 are considered to be in an a-
helix. An algorithm was similarly developed for the assignment of ~-sheet. The third 
method (inter ca-ca method) is such that if the distance between Ci<Xand Ci+3a is less 
than 6 A and the distance between cia and Ci+4a is less than 6.5 A, the five residues i to 
i+4 are considered to be helical. An algorithm was similarly developed for the assignment 
of residues in a ~-sheet. 
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Application of the three methods to six test proteins resulted in 20.3%, 16.8% and 
24.5% of the residues being incorrectly assigned as a-helix and 63.9% 58.9% and 
30.4% of the residues being incorrectly assigned as ~-sheet respectively. A combination 
of these three methods was used to assign secondary structure of 45 globular proteins 
resulting in an incorrect assignment of 20% of a-helix and 52.8% of ~-sheet residues. 
The overall error was 20.3%. 
Recently, Oldfield and Hubbard,4 reported an analysis of the relationship between 
cex geometry and secondary structure, selecting three geometric parameters, namely 81 
(the angle cjex, Ci+1ex, ci+2ex), 82 (the angle Ci+1ex, Ci+2ex, Ci+3ex) and 't (the torsional 
angle ciex, Ci+l ex, Ci+2ex, Ci+3ex). A strong correlation between cex geometry and the 
protein fold was found but the authors did not use the analysis to assign secondary 
structure. 5 
We now report a multiple regression analysis between the backbone dihedral angles 
and the cex coordinates obtained from the X -ray crystal structures of fourteen proteins 
using the Statistical Analysis System (SAS) package. The non-linear regression equations 
have been applied to predict specific dihedral angles for each residue in the backbone of 
twenty-four proteins. Two methods for the assignment of secondary structural motif from 
cex coordinates have been developed. For the first method motif is assigned by 
comparison of the dihedral angles predicted using the regression equations with ranges of 
dihedral angles previously correlated with secondary structure.3 By the second method 
secondary structure is assigned by comparison of the Ci-1 ex to Ci+2ex distance (v6) and Ci-
1 ex, ciex, Ci+ 1 ex, Ci+2ex torsional angle (v13) with ranges of these values previously 
correlated with secondary structure. The joint use of two variables (v6 and v13) makes the 
method different from those previously reported. 
2.2. Computational methods 
Computation was performed on an IBM 320 or 320H Rise 6000 computer. The 
program Macromodel6 was used for protein visualisation. The PDB file of X-ray 
coordinates for a protein were translated to Macromodel format using MMPDB within 
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Macromodel. Regression analysis to relate the independent variables of four adjacent ccx 
coordinates (VI-VIS) and the dependant variables ( ~ and \jf) of the ith residue, was carried 
out using the Statistical Analysis System (SAS). The following programs, written in 
FORTRAN, were used in the studies reported in this chapter.? 
The program capara reads the atomic coordinates of the X-ray structures in 
Macromodel file format along with the secondary structure for the residue when there is a 
motif defined in the PDB data base. The program extracts the ccx coordinates into a 
separate file and calculates the dihedral angles for all the amino acids from the X-ray 
coordinates. There are three routines in the program; Cap 1 calculates the parameters VI-
VIS associated with the ccx coordinates for all the amino acids of the protein; Cap2 selects 
these parameters for each of twenty amino acids; Cap3 selects the values for each amino 
acid in each motif region as defined in the PDB file. The output files of the program 
capara are used as input files for the statistical and regression analysis using SAS. 
The program signtest was written to determine optimum ranges of V6 and VI3 for 
ascribing the sign of a dihedral angle. The boundaries of V6 and V13 were randomly 
varied to find the ranges which result in the optimum assignments of sign of the dihedral 
angles. The program also calculates the dihedral angles defined by the X-ray structure. 
The program regression was used to calculate the values of~ and \jf from the regression 
equations and compare the values with the X-ray in different windows. The program 
nwtif was developed to assign the motifs of secondary structure by either of two 
methods. This program, like capara, reads the atomic coordinates of the X-ray structures 
in Macromodel format along with the secondary structure as defined in the PDB and 
extracts the ccx coordinates and calculates values of V6 and v13. A routine in motif 
assigns secondary structure by comparison of both V6 and v13 with predetermined ranges 
established using the program select. The second routine in motif assigns secondary 
structure from the values of the dihedral angles predicted by the regression equations. The 
program first calculates absolute values of the dihedral angles from the regression 
equations and the sign for each dihedral angle is based on specific criteria for the values 
of V6 and v13. The secondary structure is assigned from comparison of the dihedral 
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angles with predetermined ranges of these values established by use of the program 
signtest. The program motif compares motif of a residue with that assigned in the PDB. 
2.3. Results and Discussion 
Twenty four proteins were used in this study and chosen because their X-ray 
structures have been reported with a resolution of better than 2.5 A 8 and they represent a 
diverse structural variety (Table 2.1). The proteins contain a total of 3562 amino acid 
residues. 
Table 2.1. Protein data base used in this work 
Protein Name Code Na Resorb a-Helix %c P-Sheet %d 
Peptide Antibiotic9 IAMT 60 1.5 51 84 0 0 
Crambin t 1 ° 1CRN 46 1.5 21 46 7 15 
Serine Proteinase-inhibitor 11 1CSE 337 1.2 110 33 66 20 
Ribosomal Protein t 12 1CTF 68 1.7 39 57 17 25 
Electron Transport 13 1PCY 99 1.6 5 5 65 66 
Pancreatic Hormonet 14 1PPT 36 1.37 19 53 8 19 
Hydrolase( acid proteinase Zymogen)15 1PSG 365 1.65 10 28 147 40 
Iron-Sulfur Protein t 16 1RDG 52 1.40 0 0 0 0 
COL*E Rop t17 1ROP 56 1.7 53 95 0 0 
Isomerase 18 1TIM 494 2.5 278 56 100 20 
Steroid Bindingt 19 IUTG 70 1.34 53 76 0 0 
Cytochrome ct20 2CCY 254 1.67 188 74 0 0 
Hydrolase (O-Glycosy)21 2LYM 129 2.00 59 46 19 15 
Hydrolase (O-Glycosy)22 2LYZ 129 2.00 35 27 19 15 
Oxygen Binding23 2MHR 117 1.70 76 65 0 0 
Proteinase Inhibitor (Kazal)t24 20VO 56 1.50 12 21 14 25 
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Leucine Zippert25 2ZTA 62 1.8 62 100 0 0 
Flavodoxint26 3FXN 138 1.8 48 35 35 25 
Transferaset27 3CLA 125 1.75 51 41 34 27 
Rat mast cell protease u28 3RP2 448 1.9 50 11 162 36 
DNA Binding Regulatory Proteint29 3WRP 101 1.80 78 77 0 0 
Insulin 3D 4INS 102 1.5 54 53 6 6 
Trypsin Inhibitort31 4PTI 58 1.5 10 17 19 33 
Troponin Ct32 4TNC 160 2.0 97 61 0 0 
Total number 3562 1598 718 
a Number of residues in the protein, b Resolution in A, c % of the residues in a-helical 
motif, d % of the residues in P-sheet motif. 
The atomic coordinates33 of the twenty-four proteins were extracted from the 
corresponding PDB file in Macromodel format. The bond lengths and bond angles of the 
backbone atoms of these proteins compare favourably with previous reported values.34 
2.3.1. Definition of ca variables and dihedral angle¢ and lfl 
Since the peptide bond is almost planar and the bond lengths and angles exhibit 
only small deviations from mean values, atoms of a protein backbone in the ith peptide 
unit can be very closely defined35 by the dihedral angles <l>i and \jfi given the coordinates 
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(b) 
Figure 2.1 (a) Definition of variables for four adjacent ca atoms, (b) definition of <Pi and 
'l'i 
2.3.2. Statistical analysis of ca variables and dihedral angles 
2.3 .2.1. Statistical distribution 
A statistical analyses of the variables (V1-15) which relate four adjacent C<X's (Ci-1 a, 
cia, Ci+l a, Ci+2a) and the dihedral angles with motif of the ith residue as defined in the 
PDB file was first carried out for fourteen proteins marked t in Table 2.1 to determine if 
there were any obvious correlation (see table 2.2). The values of <P and \jl of the amino 
acids in a-helical regions show normal single peak distributions and exhibit small 
standard deviations. The mean values of <P and \jl are -65° and -38° with standard 
deviations of 11° and 12° respectively. These values are similar to values previously 
reported37 for the helical region of various selections of proteins. 
Table 2.2. The mean and standard deviation of the dihedral angles and the variables V1-15 
of the amino acid residues in the four motif regions. 
Motifs* 
a-Helix ~-Sheet ~-turn Random coil 
cr cr cr cr 
<P -65.09 11.12 -103.03 45.83 -61.75 60.34 -77.19 63.77 
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'V -38.82 12.35 116.46 64.77 39.36 81.67 67.16 92.74 
VI 3.82 0.042 3.79 0.10 3.79 0.09 3.79 0.07 
V2 3.82 0.042 3.79 0.08 3.79 0.09 3.79 0.07 
V3 3.82 0.04 3.79 0.04 3.79 0.09 3.79 0.09 
V4 5.48 0.17 6.55 0.47 5.91 0.58 6.25 0.63 
vs 5.51 0.24 6.52 0.50 5.90 0.57 6.23 0.64 
V6 5.30 0.58 9.62 0.92 7.44 1.65 8.37 1.57 
V7 91.94 3.87 121.95 12.57 103.6 15.35 112.75 17.76 
V8 44.03 1.95 29.02 6.311 38.25 7.82 33.65 8.95 
V9 44.04 2.00 29.03 6.321 38.18 7.61 33.59 8.85 
VlQ 92.70 5.83 120.79 14.32 103.40 15.01 112.25 17.81 
Vll 43.64 2.93 29.62 7.139 38.33 7.65 33.89 8.99 
V12 43.65 2.96 29.59 7.206 38.26 7.48 33.82 8.86 
V13 50.38 18.05 -75.32 124.21 2.53 104.42 -27.37 112.58 
V14 50.10 8.41 25.95 17.70 45.63 19.15 39.27 20.32 
V15 50.16 8.41 25.11 18.19 45.99 20.92 39.65 22.15 
*Amino acids not assigned as a-helix, ~-sheet or ~-turn in the PDB data base are 
classified for the purpose of this study as having a random coil motif. Amino acids 
assigned two motifs in the PDB are computed in both motifs. 
In the ~-sheet region the mean values of ~ and \jf are -103 ° and 116° respectively, 
but the standard deviations of 45° and 64 ° are larger. In ~-turn and random coil regions ~ 
and \jf vary over a wide range of values. The distances between sequential ca carbons, 
VI, v2 and v3 are in the range 3.7 to 3.9 A and have little variation with motif38 while the 
distances between alternate ca carbons, v4 and vs, are sensitive to motif.39 The angles 
v7-v12, v14 and VIS are sensitive to motif and within each motif occur in a narrow 
range.42 The distance from Ci-la to Ci+2a, V6, is sensitive to motif with a mean value 
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5.31 A (deviation 0.58 A) in a helical regions, 9.62 A (0.92 A) in ~-sheet, 7.44 A (1.66 
A) in ~-turn and 8.37 A (1.58 A) in random coil regions. The torsion angle of the four 
consecutive co: atoms, VB, has a mean value of 50° (standard deviation 18°) in a-helical 
regions, -75° (standard deviation 124°) in ~-sheet regions, 2.5° (standard deviation 
104°) in ~-turn regions, and -27° (standard deviation 112°) in random coil regions.40 
The sign of the variable VB reflects the folding of the co: chain41 such that if 90° > v13 > 
0° the a-helix or ~-turn is right handed and if -90° < v13 < 0° the a-helix or~ turn is left 
handed. 
Table 2.3. Correlation matrix of <1> and \jf and VI to VIs 
carr 
VI 1.00 
Y2 0.07 1.00 
V3 0.01 0.07 1.00 
V4 -0.05 -0.14 -0.06 1.00 
V5 -0.12-0.04 -O.I4 0.53 1.00 
V6 -0.13 -0.13 -0.12 0.81 0.75 1.00 
V7 -0.11 -0.22-0.06 0.99 0.52 0.79 1.00 
V8 0.07 0.26 0.06-0.99-0.51-0.79-0.99 1.00 
v9 0.16 0.19 0.05-0.99-0.52-0.79-0.99 0.99 1.00 
Y10 -0.12-0.11-0.22 0.51 0.99 0.74 0.51-0.51 -0.5I 1.00 
Y11 0.12 0.06 0.26 -0.51 -0.99-0.74 -0.50 0.49 0.50 -0.99 1.00 
Y12 0.13 0.16 0.19-0.52-0.99-0.74-0.52 0.52 0.52-0.99 0.99 1.00 
Y13 0.04 0.04 0.05 -0.64-0.27-0.54 -0.63 0.62 0.63 -0.25 0.25 0.25 1.00 
Y14 0.12 0.12 0.10-0.48-0.41-0.43-0.48 0.47 0.48-0.42 0.41 0.42 0.28 1.00 
Y15 0.09 0.05 0.14-0.26-0.53-0.37-0.24 0.24 0.24-0.54 0.55 0.54 0.12 0.89 1.00 
~ 0.07 0.04-0.04-0.35-0.I3-0.24-0.36 0.35 0.36-0.12 0.12 0.13 0.33 0.24 0.131.00 
'V -0.15-0.17-0.06 0.82 0.53 0.83 0.82-0.81 -0.82 0.52-0.51-0.52-0.61-0.38 -0.21 1.00 
VI Y2 V3 V4 V5 V6 V7 V8 V9 Y10 VII VI2 Y13 Y14 VI5 ~ 'Jf 
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2.3.2.2. Correlation analysis 
Correlation coefficients of co: variables (VI to VIs), <1> and 'I' has been calculated by 
using SAS. The correlation matrix shows that there are obvious correlation between the 
co: variables and the dihedral angles (Table 2.3). For example, V6 has a correlation 
coefficient of -0.26 and 0.83 with the dihedral angles <1> and 'I' respectively. The v13 has a 
correlation coefficient 0.33 and -0.61 with <1> and 'I' respectively. 
2.3.2.3. Regression analysis 
A mathematical relationship between the dihedral angles, 'I' and <!>, and the fifteen 
variables of adjacent co: coordinates (vi-VIS) was established by using a stepwise 
multiple non-linear regression programme in the Statistical Analysis System (SAS). The 
multiple regression equations are derived from the fourteen proteins marked t in Table 
2.1. The distances are in A and angles in radians. The most satisfactory regression 
equations for predicting <1> and \jf, using adjusted R2 as the criterion, involve the function 
transformations of sine and cosine and are: 
cos<!> = -0.87 - 0.12v6 + 2.0sinv7- 0.12sinv13 (2.1) 
t-value = (-7.1) (-20.2) (18.6) (-7.6) 
Adjusted R2 = 0.63, F-value = 707, d.f = 3, 1230, SE = 0.24 
cos\jl = -57.1 + 0.13sinv6 + 29.7v7 + 30.7cosv7 + 11.1sinv7 + 0.25sinv 13 (2.2) 
t-value = (-13.3) (10.4) (13.8) (15.0) (12.1) (13.6) 
Adjusted R2 = 0.87, F-value = 1700, d.f = 5, 1228, SE = 0.24 
Where R is the correlation coefficient of the regression equation, F-value is the 
value ofF-test of the regression equation, t-value is the value oft-test of each term in 
regression equation, d.f is the degree of freedom, SE is the sum of squared residues. 
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These equations are surprisingly reliable for predicting the absolute value of the 
dihedral angles of the protein backbone from theca coordinates, affording R2 values of 
0.63 for cos~ and 0.87 for cos\jf respectively. When the equations are determined for the 
twenty-four proteins the values oft, R2, F, d.f and the regression coefficients were 
similar to those reported above.42 Only the absolute values of the dihedral angles ~' \jf can 
be obtained using the inverse function of cosine from the regression equations (2.1) and 
(2.2) and the sign must be established by alternative means. The variables V6 and V13 
have been used for this purpose. A positive sign is assigned for~ when 6.0 A~ V6 > 4.0 
A and -3.4° ~ v13 > -83.T and \jf when 13.0 A ~ V6 > 7.5 A and V13 ~ 63.5° or < 
-97.2°; 5.7 A~ V6 > 4.0 A and-17.2° ~ v13 > -97.2°. A negative sign was assigned 
when V6 and/or v13 lie outside these ranges. The ranges were established using the 
program signtest by random variation of the boundaries of V6 and VI3 to allow optimum 
assignment to the sign of the dihedral angles for the fourteen protein sample. Using these 
criteria for the fourteen proteins (1234 values of~ and of \jf), 95% of the values of~ and 
94% of \jf are predicted with the sign of the dihedral angle as defined in the PDB. The 
method is called the Non-linear Regression Distance Torsion (NLRDT) method. 
2.3.3. Prediction of dihedral angles from ca coordinates 
The success of this method in predicting dihedral angles is measured by the 
percentage of calculated dihedral angles which fall within a window of± 30° or± 45° of 
the value determined by the X-ray analysis.43 For the twenty-four proteins 94% of the 
values of~ and 91% of the values of \jf are predicted within a± 45° window and 88% of 
the values of~ and 81% of the values of \jf are predicted within a± 30° window (see 
Table 2.4). 
Table 2.4. Percentage of predicted values of dihedral angles within windows of± 30° and 
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A%-The percentage of predicted values within the window. "Out" The number of 
predicted values outside the window. 
Table 2.5. Percentage of predicted values of dihedral angles for the different amino acids 
in twenty-four proteins within windows of± 30° and± 45° of the values in the X-ray 
structures 
<1> \jf 
Amino Number ± 30° ± 45° ± 30° ± 45° 
acid Out A% Out A% Out A% Out A% 
Ala 322 48 85 19 94 55 82 28 91 
Arg 121 17 86 8 93 25 79 11 90 
Asn 144 36 75 21 85 37 74 21 85 
Asp 199 25 87 14 92 49 75 27 86 
Cys 89 14 84 4 95 23 74 16 82 
Gln 104 7 93 4 96 13 87 9 91 
Glu 237 20 91 10 95 30 87 11 95 
Gly 291 118 59 105 64 114 60 56 80 
His 72 17 76 9 87 13 82 5 93 
Ile 186 18 90 2 99 26 86 12 93 
Leu 274 21 92 9 96 45 83 24 91 
Lys 220 29 86 18 91 42 80 19 91 
Met 69 6 91 1 98 8 88 6 91 
Phe 125 15 88 9 92 25 80 13 89 
Pro 151 27 82 7 95 47 68 29 80 
Ser 228 47 79 21 90 58 74 27 88 
Thr 180 28 84 8 95 43 76 21 88 

































Twenty-one amino acids are not defined in the PDB file. A%-The percentage of amino 
acids predicted correctly. "Out"-the number of amino acids predicted outside the window. 
The accuracy for prediction of <j> and \If in the proteins with high a-helical motif 
content, such as 2ZTA, lAMT, 1ROP, 2CCY, 4TNC, is excellent. For example for the 
protein 2ZTA which has an a-helical coiled-coil two chain structure the accuracy of 
prediction for both <j> and \If is 100% in both window frames. Not surprisingly, in 
proteins with a more irregular structure which contain regions of ~-turn and random coil 
motif and for the larger proteins, 1CSE, 1PSG, 1TIM and 3RP2 with complicated 
secondary structures the accuracy of prediction is lower (Table 2.4). 
The regression equations have been applied44 to the four secondary structure motif 
regions of the twenty-four proteins and to individual amino acids. In the regular a-helical 
regions, the percentage of correctly predicted dihedral angles is high; 95% and 91% of the 
predicted values of <j> and \If fall within a± 30° window respectively and 98% and 96% of 
the values of <j> and \If fall within a± 45° window respectively. In the ~-sheet region the 
percentage of dihedral angles <j> and \If predicted within the window is 88% and 80% 
within a± 30° window and 96% and 91% within a± 45° window respectively. In the~­
turn motif the success in predicting values of <j> and \If within a± 30° window is 76% and 
63% and 86% and 84% within a± 45° window respectively. In the random coil region, 
the success in predicting values of <j> and \If within a± 30° window is 72% and 67% and 
85% and 83% within a± 45" window. For individual amino acids the percentage of 
correctly predicted dihedral angles is shown in Table 2.5. 
Overall, the average percentage of correctly predicted dihedral angle for twenty 
amino acids within a± 30° window is 85% and 82% and within a± 45° window 97% 
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and 93% respectively. The accuracy for predicting dihedral angles of the non-polar amino 
acid residues, alanine, isoleucine, leucine, methionine, phenylalanine and valine are 
above the average and the polar amino acids, asparagine, asparagic acid, glutamine, 
glutamic acid, cystine, serine and threonine, are below the average. Predictions for 
proline are modest and for glycine poorest because the absence of a side-chain allows the 
amino acid to adopt a wide range of conformations. 
These values of the dihedral angles for each amino acid of the protein obtained in 
this way cannot however in themselves be used to define coordinates of the backbone 
atoms since they result in unacceptable bond lengths and angles of the backbone atoms in 
relation to the defined ca coordinates. The study shows, that the dihedral angles of the 
protein have a high probability of occurring within a window of ± 30° of the value 
computed from the NLRDT method. This allows for angles for each residue of the 
protein to be chosen by Monte Carlo methods from within a± 30° window of the value 
determined from the regression equations and which meet the criteria of positioning the 
backbone atoms with acceptable bond lengths and angles (see chapter 3). 
2.3.4. Assigrunent of secondary structure from ca coordinates 
2.3.4.1. Regression dihedral angle method (method 1) 
We report two methods for the assignment of motif from ca coordinates. The first 
is from a comparison of the dihedral angles of an ith residue, predicted by the non-linear 
regression equations relating coordinates of Ci-1 a to Ci+2a, and predetermined ranges of 
these values. The distribution of dihedral angles ~ and \jf is normally in a range of -60° ± 
30° and -40° ± 30° for an a-helix and the range -90° ± 30° and 120° ± 30° for a ~-sheet.3 
In order to define specific ranges for ~ and \jf that can best be used as a criterion for 
assigning secondary structure, boundaries for ~ and \jf were randomly extended at both 
ends by up to 30° for~ and also for \jf by using the program select. The ranges chosen 
were those which result in the optimum number of correct assignments of motif for the 
sample proteins. From the analysis with the fourteen protein sample the most satisfactory 
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ranges for assigning a-helical secondary structure are: -15° to -90° of<)> and -10° to -70° 
of \jf; for ~-sheet -80° to -150° of<)> and 90° to 170° of 'I'· A residue with values of<)> and 
\jf not in these ranges is assigned as a random coil motif for convenience. The method is 
referred to as the RDA method (Regression Dihedral Angle method). Left-handed and 
right handed a-helix and ~-turns are not specifically designated but can be distinguished 
from values of vn 
2.3.4.2. Distance and torsion of ca method (method 2) 
The second method of assigning secondary structure to the ith amino acid is by 
comparison of the distance Ci-lato Ci+2a (v6) and torsional angle Ci-la, Cia, Ci+la, 
Ci+2a (v13) with predetermined ranges in these values. The method is referred to as the 
DTC method (Distance and Torsion of ca ). The variables V6 and the v13, are the most 
sensitive to motif and range for values between 4.0 A and 14 A and between -180° and 
180° respectively. The plots of V6 and v13 versus <)> or \jf (Figure 2.2) confirm a 
relationship between the dihedral angle and these two variables. This relationship could 
have the potential to predict motif. The motif regions of these plots are identified from the 
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Figure 2.2. Plot of~' \jf vs v13 and V6 (a, a-helix region; b, ~-sheet region; c, ~-turn or 
random coil region) 
A statistical analysis for fourteen proteins of the parameters which describe four 
adjacent cws and motif has shown that V6 and v13 correlate best with motif. For example 
residues in an a-helix have a range of 4.5 A < V6 < 6 A and 25° < VI3 < 75° and in a ~­
sheet a range 8 A< V6 < 14 A and either -180° < VI3 < -100° or 150° < VI3 < 180°. When 
values of V6 and VI3 occur in these ranges respectively the a-helix and ~-sheet motifs can 
be assigned. The relationship of the values of V6 and Vl3 and motif have been extensively 
examined empirically using the program select for fourteen proteins in order to define 
specific ranges for these variables that can best be used as a criterion for assigning 
secondary structure. 
The boundaries of V6 and VI3 are randomly varied within a range of 1 A of V6 and 
40° of v13. The most satisfactory ranges to assigning secondary structure are: a-helix; 
4.0 A< V6 < 6.0 A and Oo < VI3 < 100°; ~-sheet; V6 > 8.7 A and I VI3 I> 100°; ~-turn, 
6.0 A< V6 < 8.7 and-100° < VI3 < 100° .45 Ifthe values of V6 and v13 of a residue fall in 
the range of V6 < 6 A and Oo < VI3 < 100°, the residue is assigned as an a-helix. If the 
values of V6 and v13 of a residue fall to the range of V6 > 8.7 A and V13 < -100° or v13 > 
100°, the residue is assigned as a ~-sheet. A residue not assigned a-helix and ~-sheet 
motif is assigned as a random coil. 
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Table 2.6. Comparison of the methods for assigning secondary structure 
a-helix ~-sheet 
Protein X-rayt DTC RDA X-ray DTC RDA 
lCRN 7-19 7-18 6-19 2-4 2-3 2-5 
23-30 23-29 23-29 32-35 32-34 32-37 
lCTF 13-25 13-23 12-23 2-8 2-4 2-5 
27-34 28-36 28-36 41-46 39-41 
47-58 48-60 48-61 64-66 63-66 64-66 
1PPT 14-32 14-31 14-31 1-8 3-7 
2LYM 4-16 5-14 5-14 1-3 1-3 1-3 
24-36 25-34 25-34 43-46 42-45 43-45 
79-81 80-83 80-83 50-54 50-52 50-55 
88-101 89-99 89-99 
108-115 109-113 108-115 
119-124 120-125 120-123 
20VO 33-42 34-43 32-43 4-6, 15-16 4-6, 13-16 




3FXN 11-25 11-25 11-26 1-5 1-6 1-8 
64-73 66-72 40-44 29-34 28-33 28-33 
93-104 94-105 67-74 49-53 48-55 51-56 
125-135 125-136 94-106 81-88 81-88 80-88 
125-136 109-119 115-117 115-117 
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3CLA 14-23 13-20 13-20 3-5 2-3 
37-44 37-44 37-44 26-35 25-33 27-33 
50-68 50-63 50-63 70-73 71-72 70-71 
108-121 66-68 63-68 76-80 77-78 77-80 
108-123 108-123 85-90 82-90 82-90 
97-101 96-101 96-104 
4PTI 3-6 3-6 16-25 18-21 20-23 
47-56 48-54 47-55 28-36 29-34 29-33 
44-46 
Total 259 153 
tDifference 47 53 75 92 
(%) 18.1 20.4 49.0 61.7 
t References are given in Table 2.1. The column lists the residue number. :j: Difference 
means an incorrect assignment compared with the X -ray structure. 
2.3.5. Comparison of assigrunents with the X-ray structure 
The RDA and DTC methods have been separately applied to assign secondary 
structure to the twenty four proteins listed in table 2.1. We selected eight small and simple 
proteins which have residues assigned as a-helix and ~-sheet in the PDB as an example 
to display the detail of the assignments (Table 2.6). The proteins are reported in the PDB 
to have a total of 23 a-helical segments and 25 ~-sheet segments. The number of residues 
in the eight proteins is 656 of which 259 are in a-helix and 153 residues are in ~-sheet. 
The secondary structure assigned using these two methods is compared with that of the 
PDB in Table 2.6.46 
The RDA method finds all the reported a-helical segments and an additional helical 
segment in each of 3FXN and 3CLA (Table 2.6). Of the 259 residues defined as a-helix 
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in the PDB, 53 residues (20.4%) were not correctly assigned by this method. The method 
missed a P-sheet segment in each of 1PPT and 20VO, and the four additional P-sheet 
segments are found in 20VO and 4PTI. This method incorrectly assigns 92 of the 153 P-
sheet residues (60.1% ). More additional a-helical and P-sheets segments were 
determined by this method than by the DTC method. 
The DTC method found all 23 reported a-helical segments and an additional helical 
segment in 3CLA. The method assigns 47 of the 259 residues in a a-helix differently 
from the PDB (18.1 %). The method found 23 segments of P-sheet motif, of which 21 
segments are reported in the PDB. Four P-sheet segments are missed in 1CTF, 20VO 
and 3CLA and two extra P-sheet segments are found in 20VO. The method defines 75 of 
the 153 residues as P-sheet (49.0% ). The residues at the ends of a-helical and P-sheet 
segments are occasionally missed by the method. The assignment of a-helix and P-sheet 
by the DTC method is closer to the PDB assignment than by the RDA method. 
Assignment of P-sheet is more difficult than for a-helix and the assignments agree much 
more closely with the PDB for a-helices than P-sheets by both methods. 
Table 2.7. Comparison of predicted secondary structure with the PDB 
DTCmethod RDA method 
Protein a-Helix ~-Sheet a-Helix ~-Sheet 
Ea Mb E M d% E M E M d% 
1AMT 0 0 0 0 0 0 0 0 0 0 
1CRN 0 2 0 2 8 1 1 3 0 10 
1CSE 17 16 25 31 26 14 11 47 29 29 
1CTF 4 4 1 10 27 6 4 2 9 30 
1PCY 0 2 22 25 3 2 1 23 29 
1PPT 1 1 5 22 1 4 0 13 
1PSG 18 20 35 43 31 30 18 47 50 39 
1RDG 0 0 3 0 5 3 0 6 0 17 
1ROP 0 4 0 0 7 0 4 0 0 7 
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1TIM 0 65 33 22 28 5 49 43 30 25 
IUTG I 2 0 0 4 2 1 0 5 
2CCY 14 6 1 0 8 20 5 2 0 10 
2LYM 3 14 1 6 18 2 15 3 4 18 
2LYZ 14 2 0 7 17 16 2 4 6 21 
2MHR 6 0 0 0 5 6 0 6 0 10 
20VO 1 1 4 4 16 2 0 9 17 
2ZTA 0 0 0 0 0 0 0 0 0 0 
3FXN 2 4 2 10 15 10 4 8 11 23 
3CLA 3 5 4 10 17 6 0 7 10 18 
3RP2 4 10 42 42 21 24 4 56 48 29 
3WRP 1 3 0 0 3 3 2 1 0 5 
4INS 5 8 20 0 32 2 12 22 1 36 
4PTI 0 3 0 9 20 0 1 5 11 29 
4TNC 14 10 8 0 20 22 6 6 0 21 
Total 107 182 180 225 176 143 279 240 
a extra number of residues, b missed number of residues, d % difference of assignment 
compared with the X-ray structure. 
The 'extra residues' and the 'missed residues' in the assignment of secondary 
structure in twenty four proteins compared with the assignment reported in the X-ray are 
given in the table 2.7. In the RDA method, there are 176 'extra residues' and 143 'missed 
residues' of a-helix motif, 279 'extra residues' and 248 'missed residues' of P-sheet 
motif compared with the X-ray structure. Overall 846 of the 3563 residues (23.7%) are 
'missed' or 'extra residues'. 319 of the 1598 a-helical residues (19.9%) and 527 of the 
718 P-sheet residues (73.4%). For the DTC method, there are 107 'extra residues' and 
182 'missed residues' of a-helix motif and 180 'extra residues' and 225 'missed 
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residues' of P-sheet motif. Overall there are 287 'extra residues' and 407 'missed 
residues', a total 'difference' of 700 of the 3563 residues (19.6%). When these 
differences are calculated separately for a-helices and P-sheets, 289 residues of the I598 
a-helical residues (18.1 %) and 407 of the 7I8 P-sheet residues (56.7%) are 'extra' or 
'missed'. The number of 'missed residues' is greater than the 'extra residues' for a-
helical regions by both methods. For P-sheet regions the number of 'missed residues' is 
greater than the 'extra residues' by the DTC method and is less than the 'extra residues' 
by the RDA method for the proteins examined. 
2.3.6. Comparison of assigrunents with previous methods 
Both the methods are remarkably reliable in the assignment of secondary stmcture 
rich of a-helix but less satisfactory for the assignment of P-sheet. The secondary 
stmcture in a large protein is always more complicated to assign and the results are less 
reliable. For the RDA method 23.7% (a-helix I9.8%) of the total number of residues are 
incorrectly assigned and I9.6% of residues (a-helix I8.I %) are incorrectly assigned by 
the DTC method. The Levitt/Greer method results in 20.3% (a-helix 20.3%) of residues 
being incorrectly assigned. For the RDA method, in the case of P-sheets, 73.4% of 
residues are incorrectly assigned and 56.7% are incorrectly assigned by the DTC method 
compared with 53.0% by the Levitt/Greer (L/G) method. 
We have chosen Trypsin inhibitor ( 4PTI) to compare the various methods for 
assigning secondary stmcture (Table 2.8). Two segments were assigned which have not 
been assigned in the PDB file namely the HI segment (residues 3 to 6) assigned by both 
the DTC and the RDA method to be an a-helical segment and segment E3 (residue 44 to 
46) assigned by the RDA method as a P-sheets. These assignments agree with the 
Levitt/Greer (LIG) method and the KS method. The KS method47 uses the coordinates of 
all the backbone atoms to assign secondary stmcture and not just the ca carbons. 
Inspection of the X -ray stmcture of PTI in Macromodel shows residues 3-6 of HI region 
are in an a-helix and residues 44-46 of E3 region are in a P-sheet. 
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Table 2.8. Comparison of methods for assigning secondary structure to PTI. 
Method 
Motif Repmied a-angle H-bond Inter-Ca-Ca H-bond This work This work 
in X-ray (L/G) (L/G) (L/G) (K/S) DTC RDA 
Hl -b 3-6 2-7 -b 3-6 3-6 3-6 
E1 16-25 16-24 14-25 16-18,23-25 18-24 18-21 20-23 
E2 28-36 30-36 28-37 28-30,35-37 29-35 29-34 29-33 
E3 -b -b 43-46 -b 45-45 -b 44-46 
H2 47-56 48-56 47-55 47-56 48-55 48-54 47-55 
H = a-helix, E = ~-sheet. b = no secondary structure assigned. 
2.3. 7. Discussion 
The two methods developed in this chapter assign a-helix motif well and for the 
proteins 1AMT, 1UTG, 2CCY, 2MHR, 2ZTA and 3WRP which are rich in a-helices 
more than 90% of residues are correctly assigned by both methods. In proteins rich in ~­
sheet, the assignment of secondary structure is less accurate. One of the reasons for the 
difference between the assignments made by these methods from those in the PDB is that 
secondary structure assignments in the data base are often incomplete and in some cases 
incorrect. For example, in protein 1CSE, residues 63-74 are assigned as a-helix, but the 
dihedral angles<!> and 'V of the alanine residues 72 and 73 are -133.6°, 16.4° and -55.8°, 
138.6° respectively which is outside the range assigned as a-helical. In protein 3RP2, 
there are two sub-units which each contain 228 residues. The first segment of a-helix 
was assigned from residue 164 to 168, but the dihedral angles(<)>, 'Jf) within the sequence 
(164 F, -152.1°, 34.8°; 165 Q, -136.9°, 146.5°; 166 V, -109.9°, 141.8°; 167 C, -90.9°, 
131.2°; 168 V, -134.3°, 128.6°) are outside those associated with a-helical motif. For the 
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twenty four proteins 8.5% of the residues assigned in the PDB as a-helix have the 
dihedral angle outside the normal range ( <1> -60° ± 30° and \jf -40° ± 30°) defining the a-
helix configuration and 12.0% of the residues defined in the PDB as ~-sheet are outside 
the values defining a ~-sheet (<I> -90° ± 30° and \jf 120° ± 30°), 
The DTC method is overall better than RDA method in assigning secondary 
structure. The former method requires only the coordinates of four adjacent ca atoms and 
is sensitive to the handiness of the ca chain. v13 can be used to distinguish left and right 
handed a-helices and ~-turns. The weakness of this method is that it does not always 
predict the ends of an a-helix or a ~-sheet precisely and does not recognise short ~-sheets 
segments well. The RDA method does recognise short ~-sheet segments and has the 
advantage of predicting dihedral angles of the backbone, but is not as accurate as the DTC 
method in assigning motif. The dihedral angles obtained from the regression equations 
will sometimes be inappropriate because they lead to unacceptable bond lengths and 
angles between Ni and cia.48 The RDA method is somewhat less accurate than the DTC 
method. 
2.4. Conclusion 
Non-linear regression equations have been developed to establish a relationship 
between the ca coordinates of a protein and the backbone dihedral angles <1> and \jf. This 
relationship has been used to predict absolute values of the dihedral angle <I> and \jf of a 
protein backbone knowing only the ca coordinates of the protein. The sign of the 
dihedral angles <Pi and \jfi of the ith amino acid is assigned from a comparison of the Ci-1 a 
to Ci+2a distance and the Ci-1 a, Cia, Ci+1 a, Ci+2a torsional angle with predetermined 
ranges of these values established to best correlate with sign. For a-helical regions, 98%, 
96% and 95%, 91% respectively of the dihedral angles <1> and \jf fall within a± 45° and a 
± 30° windows of the value in the X-ray structure. For ~-sheet regions 96% and 91% fall 
within a ± 45° window and 88% and 81% within a± 30° window. The overall accuracy 
for the prediction of the backbone dihedral angles for the twenty-four proteins is 94% and 
91% respectively within a± 45° window and 88% and 81% within± 30° window. The 
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NLRDT method is most successful in predicting dihedral angles of proteins rich in a-
helix and ~-sheet. The use of this methodology to build models of coiled-coil proteins 
from ca coordinates therefore offers potential. The secondary structure motif of proteins 
can be assigned by either the RDA or DTC methods. The latter method is simpler and 
more accurate. Both methods are somewhat better than previously reported methods and 
are, like all methods, most successful for the assignment of secondary structure for a-
helices and ~-sheet. We will report the application of the former method to coiled-coil 
proteins in chapter three. 
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Not all amino acid residues are assigned motif in the PDB file and for the twenty-
four proteins in this study some 50% have not been assigned motif. 
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values criteria which allow for the positioning the backbone atoms with appropriate 
bond lengths and angles must be met. 
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Chapter Three 
The Reconstruction of a Protein Backbone from ca Coordinates 
Summary 
A Monte Carlo Protein Building (MCPB) method to construct the 
backbone and C~ atomic coordinates of twenty-four proteins from known 
ca coordinates is reported. The method selects values of dihedral angles 
from either ± 30° windows of the dihedral angle calculated for that amino 
acid by the NLRDT method, or from ranges established from a statistical 
analysis of the relationship between dihedral angles of the backbone and ca 
coordinates for a protein data base. The averaged coordinates from ten 
backbone models of a protein were used to define a mean structure that was 
refined by energy minimisation using the AMBER force field (GB/SA). By 
the latter method the average atomic deviation and r.m.s.d. of the backbone 
and C~ atoms is between 0.14 A and 0.32 A (average 0.22 A) and 0.22 A 
and 0.61 A (average 0.43 A) respectively. A comparison with other 
methods is made. 
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3.1. Introduction 
In recent years the construction of a full-atom representation of a protein from ca 
coordinates has received considerable attention. Commonly employed procedures! make 
use of "backbone dictionaries" and are referred to as homology building methods. The 
protein sequence and ca coordinates of a target protein are compared with a database of 
crystal structure coordinates for segments of the same sequence and similar topology. 
The all atom atomic coordinates of the residues in the analogous X-ray crystal structures 
are transposed to the target protein. The method has limitations in regions where no 
similar patterns of sequence and topology exist in the data base, and in the linking regions 
of segments of known topology. 
Several methods that avoid these problems have been developed including those of 
Purisima and Scheraga,2 Reid and Thornton,3 Correa,4 Holm and Sander,5 Jones and 
Thirup, 6 and Rey and Skolnick. 7 For example Correa constructed the protein sequentially 
from ca coordinates with energy minimisation after positioning each backbone and P-
carbon atom, but this is expensive in computer time even for medium sized proteins. 
More recently, Mathiowetz and Goddard8 have reported a Dihedral Probability Grid 
Monte Carlo (DPG-MC) method to build protein models from ca coordinates. The 
dihedral angles of the backbone and the torsional angles of the side-chains are randomly 
selected for each residue from predetermined ranges in a probability matrix. The 
probabilities were assigned to the protein backbone and side-chain dihedrals according to 
their distributions in known protein structures. Mandai and Linthicum9 have described a 
modelling algorithm, PROGEN, which uses an optimal geometry parameter database 
established by examining the statistical correlation among twenty-three different intra- and 
inter- peptide geometric parameters relating ca distances for each amino acid in a library 
of nineteen proteins from the PDB. The initial model is refined by energy minimisation 
and molecular dynamics techniques while keeping the ca atoms fixed. 
We now report a Monte Carlo Protein Building (MCPB) method to reconstruct the 
backbone and c~ atomic coordinates of twenty-four proteins from known ca 
coordinates. The first problem addressed concerns the positioning of the atoms of the first 
peptide. After this first peptide is positioned the method to reconstruct atomic coordinates 
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of the backbone and ~-carbons involves the use of data bases which contain ranges of 
protein bond lengths, bond angles and dihedral angles and a Monte Carlo method of 
selecting values from predetermined ranges along with criteria for their acceptance. We 
compare the results of the MCPB method with methods previously reported. 
3.2. Computational method 
Modelling and computations were performed on an IBM RS/6000. The programs 
mtranscoil, crystal, calcsup, calcrms and range were written in FORTRAN 77. Statistical 
analysis was carried out using the program SASlO running on a VAX750/VMS system. 
The program pbdmmod was used to convert PDB structure files to Macromodel format.ll 
Bond lengths, bond angles and dihedral angles were determined with the program 
mtranscoil. A target structure was generated by the program crystal and the detail of this 
· program and method is detailed below. The program range was used to determine the 
boundaries of V6 and v13 in the PDB. Energy minimisation was carried out with 
Macromodel/Batchmin2K when the protein contained less than 2000 backbone atoms 
(i.e. 400 residues) or Batchmin5K for larger proteins with up to 5000 atoms e.g. 1 TIM, 
lPSG, lCSE and 3RP2. The r.m.s.d.12 between a model and the crystal structure was 
calculated using the program calcsup which superimposes two structures by the method 
developed by Kabsch.l3 The program was also used for analysis for each type of amino 
acid and of the different motif regions.14 The motif of an amino acid in the analysis was 
as defined in the PDB. 
Two methods are applied to generate the atomic coordinates of the backbone from 
ccx coordinates. 
3.2.1. Generation of the first peptide 
Our study has focused on the proteins listed in Table 2.1 which have been selected 
because of their diversity and the accuracy with which the crystal structure data is known. 
The first problem to address in building the protein concerns the positioning of the atoms 
of the first peptide and is important since it is from these atoms that further construction 
occurs. We have chosen to build the protein from theN-amino acid end. The program 
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crystal chooses which of the terminal amino acid configurations is appropriate from 
criteria defined later. We first describe building the protein with the first amino acid in a 
right handed a-helical conformation. 
The carbonyl carbon of the first amino acid from theN-terminus has been defined 
in the following way. A statistical analysis of the a-helical regions of the fourteen 
proteins (labelled t in Table 2.1) shows the carbonyl carbon, C' 1, of the first amino acid 
lies close to a plane defined by c1a, c2a, csa and therefore this atom in the first amino 
acid is positioned on this plane. Similar analysis of the crystal structures of fourteen 
proteins, but irrespective of motif, showed the angle15 C', c1a, c2a to be ca 21.5° and 
therefore this value was chosen in defining the first peptide carbonyl carbon, C' with 
respect to cal and C2a. The C'1, C1a bond length of the first amino acid was fixed at 
the value of 1.530 A (Table 3.1).16 Solution of three equationsl7 that relate the atomic 
coordinate of C'1 to the C'1, c1a bond length and the angle C', C1a, c2a as 21.5° and 
define the coordinates of C'1 on the plane c1a, c2a, Csa give rise to four possible 
solutions for the C'1 coordinates. The solution that is accepted is chosen to meet the 
requirement that the distance between C' 1 and csa and the distance between C' 1 and c2a 
be less than 6.5 A and 2.8 A respectively thus requiring C'I to lie between cla and c2a· 
After the coordinates of carbonyl carbon C'1 are defined, the atomic coordinates of 
N2 and 01 are calculated from the carbonyl carbon (C'I), c1a and c2a by using the 
Scheraga algorithm18 which transforms the internal coordinates into the Cartesian 
coordinates. For computing the nitrogen coordinates a C'1, N2 bond length and c1a, 
C'1, N2 angle is required and these are randomly selected from within the ranges 1.35 ± 
0.05 A and 117 ± 5" respectively (see Table 3.1). The dihedral angle N2, C'l, cla, c2a 
is set to zero as for a planar peptide bond. For the generation of 01 coordinates the 
algorithm requires the carbonyl C'1 01 bond length which is randomly selected within the 
range 1.23 ± 0.03 A and an angle for C1 a, C'1, 01 selected within the range 122.5 ± 
2.5°. The dihedral angle 01, C'1, C1a, C2a were chosen at 180° as for a planar peptide 
bond. After establishing the N2 and 01 coordinates, the distance between N2 and c2a is 
computed. If the distance is in the range of 1.45 ± 0.04 A, consistent with a normal bond 
length, then the coordinates of N2 and 01 are accepted and if outside this range the 
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coordinates of both these atoms are regenerated until the distance is within the defined 
range. 
To establish the coordinates of N 1 the same algorithm is used. A value for theN 1, 
C 1 a bond length is randomly selected from within the range 1.45 ± 0.04 A and a N I, 
c1a, C'1 bond angle is similarly selected from within the range of 107 ±5°. A value for 
the NI, c1a, C'I, N2 ('JII) dihedral angle is selected from the range -40 ± 20° typical for 
right handed a-helical proteins.19 The C~ is defined by the same algorithm requiring the 
distance C I~, C 1 a, randomly selected from the range 1. 54 ± 0. 04 A and an angle for 
C 1 ~, C 1 a, C' I similarly selected from the range is 107 ± 5°. The dihedral angle C 1 ~, 
C1 a, C'1, N2 is '1'1 + 120° where '1'1 is chosen from the range -40 ± 20°. 
The same method is used for generating the first amino acid in a P-sheet, a p turn 
or a random coil motif as used in an a-helix configuration except that the assumption is 
· made in all these motifs that the carbonyl carbon C'1 lies on the c1a, C2a, C3a plane 
rather than on the C1 a, c2a, Csa plane. An analysis of the non helical regions of the 
fourteen proteins showed this to be close to reality. 20 To establish the coordinates of N 1 
and C1~ for these motif regions '1'1 is chosen from the range, 150 ± 30° for the P-sheet 
motif. The P-turn and random coil motifs are not differentiated and '1'1 is chosen from the 
range 80 ± 50°.19 
After this first peptide is positioned the method to reconstruct atomic coordinates 
of the backbone and P-carbons involves the use of data bases which contain ranges of 
protein bond lengths, bond and dihedral angles and a Monte Carlo method of selecting 
values from predetermined ranges in values along with criteria for their acceptance. 
3.2.2. Generation of the backbone atoms (Method 1) 
3 .2.2.1. Predetermined ranges 
The predetermined ranges of the variables used above for building the first 
peptide and below from building from the second to the last amino acid of the chain 
were established from an analysis of the X-ray structures of fourteen proteins in which 
the total number of ca atoms is 1282 (lCRN, 1CTF, lPPT, 1RDG, 1ROP, 1UTG, 
2CCY, 20VO, 2ZTA, 3FXN, 3CLA, 3WRP, 4PTI, 4TNC) (labelled with a t in 
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Table 2.1). The proteins were chosen21 because the X-ray crystal structure 
coordinates22 were known with an accuracy of better than 2.5 A. Analysis of the 
fourteen proteins showed the average bond lengths and angles and standard deviations 
as in Table 3.1 similar to values obtained in other studies.23 
Table 3.1 The bond length and bond angles used in this work 
Bonding atoms Bond length (A) Bonding atoms Bond angle C) 
ca-c~ 1.540 ± 0.04 N- ca- c~ 111.0 ± 3.5 
ca_ C' 1.530 ± 0.04 N-Ca-C' 110.0 ± 3.0 
C'- 0 1.225 ± 0.03 ca- C'- o 122.5 ± 2.5 
C'- N 1.340 ± 0.04 ca-C'-N 112.0 ± 5.0 
N- ca 1.450 ± 0.04 
3.2.2.2 The definition of ranges of torsion angles 
In chapter two we reported the NLRDT method, based on non-linear regression 
analysis of a protein data base which together with values of the distance Ci-1 a, Ci+2a 
and torsional angle Ci-1 a, cia, Ci+ 1 a, Ci+2a of the ith amino acid, to assign a specific 
value of dihedral angle to each amino acid of the protein. The non linear regression 
equations are surprisingly reliable for predicting the absolute value of the dihedral 
angles of the protein backbone from theca coordinates, affording R2 values of 0.63 
for cos<j> and R2 values of 0.87 for cos\jl. The sign of the dihedral angles <Pi and 'Vi of 
the ith amino acid is assigned from a comparison of the distance Ci-1a, Ci+2a and the 
torsional angle Ci-1a, cia, Ci+1a, Ci+2a with predetermined ranges of these values 
established to best correlate with sign for the protein data base used. 
These values of the dihedral angles for each amino acid of the protein obtained in 
this way cannot however in themselves be used to define coordinates of the backbone 
atoms since they result in unacceptable bond lengths and angles of the backbone atoms 
in relation to the defined ca coordinates. However if it is assumed, as our study has 
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showed, that the dihedral angles of the protein have a high probability of occurring 
within a window of± 30° of the computed value, then angles from these ranges can be 
selected for each residue of the protein by Monte Carlo methods. In accepting the 
selected values, criteria must be met which allow for the positioning the backbone 
atoms with appropriate bond lengths and angles. 
3.2.2.3 The second and subsequent amino acids 
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The second amino acid from the N-amino end is built to the first amino acid 
(whether as an a-helical configuration or a non-helical configuration) in the following 
way. The coordinates of the nitrogen and ca of the second amino acid are already 
defined. The dihedral angle <!>2 will therefore define the positions of CP and the carbonyl 
carbon of the second amino acid along with appropriate bond lengths and bond angle. In 
the same way the dihedral angle 'l'2 and appropriate bond lengths and angles will define 
the positions of the nitrogen of the third amino acid and the carbonyl oxygen of the 
second amino acid. A value for each of the dihedral angles <!> and \jf for the amino acid is 
selected by a random number method from the ranges defined by a± 30° window of the 
computed value using in the first instance of the NLRDT method. Appropriate bond 
lengths and angles are selected by a random number method from the values defined in 
Table 3 .1. If the resulting coordinates meet the following criteria they are accepted. 
3.2.2.4. Criteria of acceptance of coordinates 
After the coordinates of a peptide unit are generated, and before the next peptide 
unit is built, the question arises as to whether the coordinates be accepted or rejected. 
Two criteria for acceptance have been found effective and depend on values of the 
distance di and torsional angle COi (Figure 3.1): 
Chapter Three: The reconstruction of a protein backbone from ca coordinates 
The ith peptide plane 
Figure 3.1 Criteria of acceptance of atomic coordinates 
(i) the bond length of the ith peptide unit, di, between Ni in the ith peptide and q+ 1 a 
of next peptide must be in range 1.40 A :::; di :::; 1.50 A and (ii) the torsion angle, ffii for 
a trans-peptide I mil 2 170° and for a cis-peptide I mil :::; 10°. The difference in distance 
between cia and ci+ 1 a with the absolute value of (J) allow the cis- and trans- peptide 
configurations to be recognised. Analysis of the fourteen proteins showed the distance 
between cia and ci+1a for a trans-peptide is in the range 3.80 ± o.35 A and for a cis-
peptide 2.8 ± 0.65 A. If the values of di and Oli are within the criteria, the coordinates 
are accepted and the atomic coordinates of next peptide generated. If the values of di or 
roi are outside these specified ranges then the coordinates of atoms in this peptide unit 
are rejected and the random seed generator is used to select alternate values and the 
process repeated. If suitable values of di or Oli are not determined within 500 cycles the 
criteria conditions of di or Oli are relaxed by O.OlA and 1° respectively until such time 
as coordinates are acceptable. This treatment, ensures that the process of generating 
atomic coordinates from the second amino acid residue to the last one can continue. In 
our studies a suitable set of coordinates that meet the criteria has always been obtained 
without resorting to relaxing the criteria. Using this method to regenerate the backbone 
atoms from the ca coordinates a sample of thirteen proteins was examined (Table 3 .5) 
The average r.m.s.d of the backbone was calculated as 0.59 A. This average error 
resulting from selecting dihedral angles from within the ± 30° of the angle calculated 
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from the NLRDT method was considered outside of an acceptable error and an 
alternative data base from which dihedral angles could be selected was developed. 
3.2.3. Generation of the backbone atoms (method 2) 
3 .2.3 .1. The definition of range of dihedral angle 
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The second method of developing a data base for dihedral angles was established 
from a statistical analysis of the relationship between dihedral angles of the backbone and 
ca coordinates for a sample of fourteen proteins using SAS. The coefficients of the 
correlation matrix between the dihedral angles of the backbone and VI-V15 parameters of 
theca coordinates showed the Ci-la and Ci+2a distance (v6) and the torsional angles Ci-
la, cia, Ci+la, Ci+2a (v13), to be important variables in assignment of secondary 
structure motif (see table 2.3 in chapter two). For the selected proteins the distances 
between Ci-la and Ci+2a (v6) range from 4.0 to 13.0 A and the torsional angles Ci-la, 
cia, Ci+la, Ci+2a (v13) range through 360°, The dihedral angles are recorded from 180° 
to -180° where positive values represent a clockwise twist in the direction of the protein 
from theN-terminal to the C-terminal. 
We were interested to see if there is a relationship between values of V6 and v13 and 
~ and \jf that would be better than the NLRDT regression method in providing a data base 
from which dihedral angles could be selected in modelled the backbone. For the fourteen 
protein selection we have investigated the distribution of ~i and \jfi for the ith amino acid 
with V6 and V13 for that residue (see Figure 3.2). We first divided the values of V6 and 
v13 into four arbitrary ranges: V6 with boundaries (1) 4.0 A to 6.0 A, (2) 6.0 A to 8.0 A, 
(3) 8.0 A to 9.5 A, (4) 9.5 A to 13.0 A respectively and V13 into quadrants (1) 180" to 
90°, (2) 90° to 0°, (3) 0° to -90°, (4) -90° to- 180° respectively. For example, for the ith 
amino acid residue, if the distance, V6 (between Ci-la to Ci+2a), is in the range 4.0 A-
6.0 A, then V6 is defined to be in range (1) and if the torsion angle, v13, (Ci-la, cia, 
Ci+la, Ci+2a) is between 90° to 0°, V13 is defined to be in range (2). The cia atom is 
then recorded as in range (1) for V6 and range (2) of v13. For the sake of simplification 
this is recorded as the REGIONs 12- the first number of a REGION representing a range 
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of V6 and the second the v13 value. There are sixteen such REGIONs from 11 through 
44. 
ith peptide 
~----~A~------~ r \ 
Ci~ H 
Figure 3.2 The demonstration of V6 and Vl3 related to <j> and 'If 
The mean values ( <j> and 'If) and standard deviations of the dihedral angles of amino 
acids which have values of V6 and v13 corresponding to the ranges of V6 and v13 defined 
in the REGION 11 to 44 above were determined for the fourteen proteins in the data base. 
The arbitrary boundaries of V6 and v13 defined above for REGIONs 11 to 44 were 
adjusted so as to give a minimum overall average standard deviation in the values of <j> and 
'If. It was hoped that by this procedure an optimised set of boundaries of the values of V6 
and v13 defining the REGIONs 11 to 44 would allow a dihedral angle for each amino acid 
of the protein to be selected by Monte Carlo methods and maximise the change of 
building protein model with a low r.m.s.d. The arbitrary boundaries of V6 and v13 which 
define the REGIONs 11 to 44 were adjusted by a random procedure. The boundary for 
the ranges were randomly varied by± 1 A for V6 and± 40° for v13. For example for V6 a 
range of 4 - 6 A, 6 - 8 A, etc. can be changed to become 4 - 5 A, 5 - 8 A or 4 - 7 A, 7 - 8 
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A etc. More than 1000 random selections of boundaries were examined. The overall 
average of the standard deviations of the dihedral angles for the amino acids which have 
values of V6 and v13 corresponding to the new boundaries were determined for the 
fourteen proteins in the data base using the program range. The boundaries which gave 
rise to the lowest overall standard deviation is defined below in Table 3.3. No dihedral 
angles were observed for the proteins in the REGIONs 11, 14 and 42. Values of <P and \jl 
in these REGIONs as reported in Table 3.3 are taken from analysis of the twenty four 
protein sample along with literature reports of dihedral angles in ~-sheets19 
Table 3.3. Mean and standard deviations in the values of <P and \jl in the REGIONs 11 to 
44* 
-<!> +<I> -\jf +'Jf 
REGION u (j p:J: u cr p:J: u (j p:J: u cr p:J: 
12 -63.6 7.8 99.6 66.1 32.1 0.4 -40.1 10.3 99.3 91.6 52.6 0.7 
13 -62.3 to.o 33.3 35.6 25.7 66.7 0.00 0.00 0.00 46.1 10.3 100 
21 -104.2 13.3 68.2 73.0 10.4 31.8 -10.1 0.00 4.5 26.9 16.1 95.5 
22 -82.7 21.9 92.4 101.6 28.0 7.6 -37.7 29.7 77.2 81.6 64.9 22.8 
23 -84.6 16.3 91.7 93.2 13.2 8.3 -18.8 14.8 38.9 104.9 70.7 61.1 
24 -82.9 17.7 100.0 0.00 0.00 0.0 -17.4 11.9 66.7 4.7 1.58 33.3 
31 -98.8 19.9 58.0 76.9 18.5 42.0 -18.3 20.4 12.0 39.2 34.6 88.0 
32 -112.3 17.8 57.1 91.5 5.50 42.9 -8.8 2.1 71.4 5.5 1.03 28.6 
33 -87.6 29.5 90.0 106.0 32.2 10.0 -66.9 68.5 10.0 154.4 13.8 90.0 
34 -87.6 23.9 97.7 168.9 0.00 2.3 -19.5 11.5 22.7 118.8 37.4 77.3 
41 -109.3 25.4 80.5 88.0 17.9 19.5 -8.3 7.2 7.3 100.2 49.0 92.7 
43 -112.9 32.2 96.9 167.5 0.00 3.1 -168.5 6.7 6.1 156.9 11.9 93.9 
44 -111.1 27.3 98.4 51.8 10.3 1.6 -79.1 66.6 2.5 137.7 22.9 97.5 
§Av cr 21.1 19.4 22.7 29.8 
* Definitions of REGIONs of V6 and v13 which result in minimum overall average 
standard deviation in values of <P and \jl are; V6 (1) 4.0 A- 5.84 A, (2) 5.84 A- 8.09 A, 
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(3) 8.09 A- 9.10 A, (4) 9.10 A- 13.0 A. V13 (1) 180°- 99.62°, (2) 99.62°- -8.97°, (3) 
-8.97° - -118.93o, (4) -118.93°- -180°. t Only a single value in the data base for the 
fourteen proteins. t Probability that a dihedral angle of a particular amino acid from the 14 
proteins will occur in this range. § The overall standard deviations for all the regions is 
(21.1+19.4+22.7+29.8)/4 = 23.25°. 
The standard deviations in the ranges of the dihedral angles reported in Table 3.3 
vary considerably. The boundaries of the REGIONs 11 to 44 from which <I> and 'If values 
are taken were further optimised by repetitive small empirical changes to the centre of the 
V6 and v13 ranges. This was effected using the program crystal. 
Table 3.4. Range in negative and positive values of <1> and 'If for each region 
<1> 'V 
REGION Range 1a Range 2b Range 1c Range2d 
11 -45±25 45±25 -5±40 5±40 
12 -62±24 35±50 -40±20 90±60 
13 -50±25 36±50 47±30 -90±60 
14 45±35 -45±35 30±30 -30±30 
21 -105±40 75±35 30±35 -10±35 
22 -80±40 100±50 -40±50 80±60 
23 -85±40 95±30 105±65 -20±30 
24 -80±40 80±40 -20±30 10±25 
31 -100±40 77±45 40±60 -20±40 
32 -110±40 90±25 -10±20 10±40 
33 -90±50 105±50 155±25 -70±60 
34 -90±50 170±10 120±40 -20±33 
41 -110±50 90±35 100±55 -10±20 
42 -130±40 125±45 155±25 150±30 
43 -110±40 150±35 155±30 -170±10 
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44 -110±50 50±30 140±50 -80±60 
a more probable sign of <j>; bless probable sign of <1> ; c more probable sign of \jf; d less 
probable sign of \jf . 
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The total number of variations examined was greater than 4000. The ranges which 
allowed for prediction of a backbone structure of the twenty four proteins by the MCPB 
method with a minimum r.m.s.d's are shown in Table 3.4. Values of <1> and \jf for an 
amino acid residue reflect the twist of the protein and can be both positive, both negative 
or one positive and the other negative. The Table 3.4 shows the preference for a positive 
or negative values of the dihedral angle. 
3.2.3.2. Building the backbone from the first amino acid 
In building the coordinates of the backbone values of V6 and v13 for each amino 
acid residue are established from the ca coordinates with the subroutine cavara in crystal. 
The REGION 11 to 44 for each cia is then established on the basis of these values in 
Table 3.4. This also includes the first amino acid, the coordinates of which are then 
established using the method described above. 
The second amino acid from the N-amino end is built to the first amino acid 
(whether as an a-helical configuration or a non-helical configuration) in the following 
way. As before the coordinates of the nitrogen and theca of the second amino acid are 
already defined. The dihedral angle <1>2 will therefore define the positions of C~ and the 
carbonyl carbon of the second amino acid along with appropriate bond lengths and bond 
angles. In the same way the dihedral angle \j/2 and appropriate bond lengths and angles 
will define the positions of the nitrogen of the third amino acid and the carbonyl oxygen 
of the second amino acid. A value for each of the dihedral angles <1> and \jf for the amino 
acid is randomly selected according to the assigned REGION taking into account the more 
probable sign combination of the dihedral angles (Table 3.4). Appropriate bond lengths 
and angles are selected by a random number method from the values defined in Table 3 .1. 
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If the resulting coordinates meet the criteria defined earlier in the section 3.2.2.4 they are 
accepted. 
In building a residue, i.e. the second or the ith residue, it is possible to choose +ve 
or -ve values for <j> and \j/. Of the four combinations ( ++, --, +-, -+) the probability is not 
the same. An analysis of the probability of a positive or negative value of <j> and \jf for the 
fourteen chosen proteins is recorded in Table 3.4. In reconstructing each amino acid of 
the protein the choice of sign of <j> and \jf can be (i) the more probable sign of <j> and \jf or 
(ii) the more probable sign of <j> and less probable of \jf (iii) less probable sign of <j> and 
more probable of \jf (iv) less probable sign of <j> and less probable of \j/. The program 
crystal is written such that, in the building of the protein, combination (i) is chosen first 
and if the criteria for accepting the coordinates so produced is not met within 500 cycles 
then combination (ii) is chosen and so on. If suitable values of di or coi are not determined 
· within 1000 cycles the next most probable combination of sign of <j> and \jf are used to 
generate the coordinates and so on. If suitable values are not found within 1500 cycles 
then the final combination is used and if suitable values are not found within cycles 2000 
then the program returns to the most probable sign combination but the criteria are relaxed 
by 0.01 A for di or 1° for COj, e.g. 1.39 A s di s 1.50 A and I coil ;::: 169° or I coil s 11° until 
1.35 A;::: di or di;::: 1.55 A and lcoil s 140° or lcoil;::: 40° for trans and cis- peptide are met. 
After a set of coordinates are accepted the acceptance ranges for di and COi are reset to their 
initial default values and most probable sign combination before generating the next 
peptide unit. The process is repeated for each amino acid residue of the backbone of the 
protein. 
Since the ca parameters can not be defined at the carbonyl terminus of the last 
residue the terminal N atom is capped with a methyl group. The procedure described is 
encapsulated in the program crystal and the method we describe as Monte Carlo Protein 
Building (MCPB). 
3.2.4. Mean coordinates of the backbone model 
Levitt was the first to average coordinates from several model structures of a 
protein.24 We have similarly shown that the r.m.s.d of an average or mean structure of 
71 
Chapter Three: The reconstruction of a protein backbone from ca coordinates 
several model structures with the X-ray structure was smaller than for any individual 
model. As a result we have examined this methodology in more detail. The bond lengths 
and bond angles in the averaged model structure are checked for distortions and to see if 
they are in the defined ranges as in Table 3 .1. If they are outside this ranges crystal is 
programmed to recognise the structure as distorted. If a structure was distorted energy 
minimisation could be used to bring the bond lengths and angles to sensible values. To 
date we have not found any averaged structure of protein backbone to be distorted. 
An empirical study was made to determine if there was an optimum number of 
independent models that should be averaged to give a mean structure with the lowest 
energy r.m.s.d. It was found that little benefit is gained in averaging more than ten 
structures. 
3.2.5. Energy minimisation of the backbone model 
An average structure (of ten structures) without hydrogen atoms for each of the 
twenty-four proteins was minimised with Macromodel/Batchmin using the 
OPLS/AMBER (non-hydrogen) force field25 and GB/SA water model,26 The program 
uses default values of the cutoff distances of non-bonded interactions and electrostatic 
interactions. The ca atoms of the model structure are restrained to their initial positions as 
defined by the X-ray coordinates.27 
We examined the effect of removing the constraints on theca atomic positions 
during minimisation for the mean structures. When the constraints on theca positions 
are released the coordinates of the ca positions move and the r.m.s.d necessarily 
increases, by inclusion of the now variable ca positions, to ca l.IA. The results show 
that after minimisation without constraint on the ca positions the r.m.s.d. is substantially 
increased. For the subsequent studies it was considered pertinent to effect minimisation 
with the ca constraints in place. 
3.3. Results and discussion 
3.3.1. The r.m.s.d. of the backbone model 
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The MCPB method has been applied to the twenty four proteins (Table 2.1) 
containing 3,563 residues and ranging is size from 36 to 494 residues. An advantage of 
the method is that it is capable of generating the structure of proteins that contain sub-
units or peptide chains that are not linked. For example ICSE, lPSG, 1 TIM, 2CCY, 
2ZTA and 3RP2 each contain two chains or two sub units that are not linked while lAMT 
contains three non linked chains and 4INS contains four non linked chains. The protein 
2ZTA is a parallel coiled-coil two chain protein and lROP is an anti-parallel coiled-coil 
protein. 
Table 3.5 The average atomic deviation and r.m.s.d. of the backbone models averaged 
Protein Na av-devb r.m.s.d.c av-dev.d r.m.s.d.e r.m.s.d.f 
lAMT 60 0.26 0.41 0.18 0.36 
1CRN 46 0.39 0.63 0.23 0.47 0.54 
1CSE 337 0.39 0.59 0.27 0.55 
1CTF 68 0.38 0.59 0.24 0.48 0.73 
1PCY 99 0.44 0.64 0.26 0.53 
1PPT 36 0.40 0.59 0.18 0.39 
1PSG 365 0.39 0.59 0.29 0.55 
1RDG 52 0.39 0.57 0.23 0.43 
1ROP 56 0.23 0.36 0.14 0.30 0.31 
1TIM 494 0.37 0.56 0.29 0.52 
1UTG 70 0.27 0.38 0.14 0.24 0.47 
2CCY 254 0.29 0.48 0.19 0.41 0.58 
2LYM 129 0.42 0.67 0.31 0.61 
2LYZ 129 0.41 0.67 0.32 0.61 
2MHR 117 0.33 0.57 0.19 0.48 
20VO 56 0.36 0.50 0.19 0.33 0.86 
2ZTA 62 0.21 0.28 0.14 0.22 0.23 
3FXN 138 0.34 0.52 0.23 0.43 0.79 
Chapter Three: The reconstruction of a protein backbone from ca coordinates 
3CLA 125 0.32 0.47 0.18 0.33 0.57 
3RP2 448 0.39 0.57 0.25 0.49 
3WRP 101 0.23 0.37 0.15 0.29 0.43 
4INS 102 0.39 0.64 0.23 0.50 0.82 
4PTI 58 0.41 0.60 0.29 0.57 0.87 
4TNC 160 0.28 0.40 0.17 0.28 0.55 
overall 0.35 0.53 0.22 0.43 0.59 
a The number of residues in the protein; b average deviation (A) before energy 
minimisation; c r.m.s.d. (A) before energy minimisation of the model structure; d 
average deviation (A) after energy minimisation; e r.m.s.d. (A) after energy 
minimisation; f r.m.s.d. (A) after energy minimisation of the model structures 
which were obtained by using the method 1. 
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The average atomic deviation and the r.m.s.d. of the backbone and CP atoms of the 
mean modelled structures and the X-ray structures for the twenty-four proteins are listed 
in the Table 3.5. For the backbone atoms the average atomic deviation is 0.35 A and 
r.m.s.d. 0.53 A and these values reduce to 0.22 A and 0.43 A respectively after energy 
minimisation. Energy minimisation with the ca atoms fixed reduces the r.m.s.d by ca. 
0.1 A. The proteins with the higher content of helical structure, e.g. lAMT, 3WRP and 
4TNC and the coiled-coil proteins, 2ZTA and 1ROP give the lowest r.m.s.d. values. The 
backbone atoms, nitrogen, carbonyl carbon, oxygen including cP have r.m.s.d. of 0.29 
A, 0.26 A, 0.77 A, and 0.36 A, respectively. Oxygen shows a greater variation than cP. 
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Figure 3.3 The r.m.s.d for amino acids in each motif region in the twenty four proteins. 
The mean model structures of each of the twenty-four proteins were examined after 
energy minimisation by motif and the r.m.s.d for the amino acids in each motif region 
calculated and shown in Figure 3.3. In general the r.m.s.d of the secondary structure is 
lowered by energy minimisation with the ca coordinates fixed. Regions of a-helix, P-
sheet and P-turn are as defined in the PDB file and the remainder of the structure is 
assumed to be random coil. 
The average r.m.s.d. of a-helical, P-sheet, P-turn region and random coil regions 
are 0.31 A, 0.42 A, 0.58 A and 0.57 A respectively. The a-helical region gave the lowest 
deviation. The r.m.s.d of P-sheet regions is lower than the P-turn and random coil 
regions but higher than the average r.m.s.d. 
The r.m.s.d of each of the twenty amino acids in the averaged models of the 
twenty-four proteins are plotted in Figure 3.4. The number of amino acids included in the 
analysis is 3536. (There are twenty-seven undefined amino acid residues in the protein 
lAMT that have no definition in it's PDB file.) The overall average r.m.s.d after energy 
minimisation of the averaged structures for all the amino acids was 0.47 A. Glu (E) 
showed the minimum r.m.s.d. (0.37 A) and Glycine (G) the maximum (0.66 A). The 
total number of proline residues in the twenty-four proteins is 151 (141 trans- and 10 cis-
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). Proline showed an r.m.s.d of 0.53 A (trans 0.53 A and cis 0.61 A) after energy 
minimisation (see Figure 3.4). 
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Figure 3.4. The r.m.s:d of the amino acids in the twenty four proteins. 
3.3.2. The dihedral angle of the backbone model 
The percentage of the dihedral angles after energy minimisation of the averaged 
model structures that fall within in a± 30° window of the X-ray structure for the twenty-
four proteins is given in figure 3.5. 
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Figure 3.5. Percentage of dihedral angles of the amino acids within a ± 30° 
window of the value in the X-ray structures for 24 proteins. 
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Energy minimisation of the structure increases the percentage of values of <j> and \jf 
within a± 30° window. The overall percentage of values of <j> and \jf within a± 30° 
window for the twenty-four proteins is 87% and 86% respectively (Figure 3.5). Proteins 
with a high helical content, e.g. 2ZTA, lROP, lUTG, 3WRP and 4TNC give a high 
percentage> 90% of dihedral angles within the± 30° window. For the proteins with a 
high content of ~-turn and random coil segments, e.g. lCRN, lPCY, lPSG, lTIM, 
2L YM, 2L YZ, 4PTI, 4INS and 3RP2, the accuracy of prediction within the window is 
below 85%. 
The percentage of dihedral angles for each amino acid within a ± 30° window of the 
. value from the X-ray structure in shown in Figure 3.6 for the each of the amino acids in 
twenty-four proteins. The overall percentages of dihedral angles <j> and \jf for the twenty 
amino acids within a± 30° window of the values found from the X-ray structure are 84% 
and 83% respectively. For most amino acids 80% of the values of <j> and \jf fall within a± 
30° window. The greatest deviation is observed for the dihedral angles of glycine, where 
there are no side-chain constraints, where 75% of the values of <j> and 72% of the values 
of \jf fall within the± 30° window. For proline, 83% of the values of <j> and 83% of the 
values of \jf respectively fall within the ± 30° window. The value for cis- and trans-
proline are comparable. Proline therefore parallels the other amino acids. In all cases 
energy minimisation has the effect of increasing the percentage of values of <j>, \jf that fall 
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Figure 3.6. Percentage of dihedral angles for each amino acid within a± 30° 
window of the value in the X ray structure for 20 amino acids. 
3.3.3. Comparison of the results with previous methods 
77 
In comparing the ability of the MCPB method to model protein coordinates with 
these other methods three criteria are considered: the r.m.s.d. of the backbone and C~ 
atoms with the X-ray structure, the information required for the data base to build the 
backbone and the computational requirements. 
The method pioneered by Jones and Thirup6 uses a data base or dictionary of 
structural templates from known structures. Reid and Thornton3 applied this method to 
the generation of the main chain atomic coordinates of 3FXN and obtained a r.m.s.d for 
the main chain 0.51A. Claessens et a[28 was the first to use an automatic search segment 
data base for building the backbone atoms of three proteins, triose phosphate isomerase, 
citrate synthase and carboxyl peptidase and obtained an average r.m.s.d of 0.61 A, 
somewhat poorer than the average r.m.s.d (0.43 A) obtained in the present studies. 
A method called 'segment match modelling' (SMM) which requires the amino acid 
sequence and a data base of X-ray structures has been developed by Levitt.24 The method 
also positions C~ atoms. An average r.m.s.d of the main chain atoms excluding C~ atoms 
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of 0.42 A for the modelling eight proteins was obtained. The method gave a satisfactory 
result for 1 CTF and 4PTI, but the results for 1 CRN and 3FXN are not as good. 
Recently, Mandai has developed PROGEN9 that uses an optimal geometry 
parameter database established from a statistical analysis employing twenty-three different 
intra-peptide and inter-peptide geometric parameters relating to ca coordinates for 
nineteen proteins for the positioning of atoms for each amino acid. The r.m.s.d for the 
backbone atoms and cP ranged from 0.29 A- 0.76 A (average value of 0.53 A) and with 
average atomic deviations between 0.14 A and 0.44 A (average 0.28 A). 
Correa4 used molecular dynamics to build protein structures from the ca positions 
in a method that does not use any data base of known protein structural information. The 
r.m.s.d. of backbone atoms for three proteins (a-lytic protease, troponin C and 
flavodoxin) using this method are 0.19 A, 0.41A and 0.49 A respectively. The method 
. requires considerable computer time. 
Recently, Rey and Skolnick developed a purely analytical method7 for generating a 
protein backbone from ca coordinates and used the method to built the backbone 
structures of six proteins. The average r.m.s.d. of the backbone atoms was 0.70 A before 
energy minimisation, and 0.49 A after energy minimisation. A comparison of the results 
from different methods is shown in Table 3.6. 
The amino acid sequence of a protein is not required in the generation of the model 
of backbone atoms including cP atoms in our MCPB method however the sequence is 
required for positioning of the side-chains. This has its value. For example, the protein 
1AMT has 61 amino acid residues and 27 of them have no definition in the PDB file. The 
MCPB method can generate the backbone atomic coordinates, including cP atoms, from 
the ca coordinates and give a model with a reasonable r.m.s.d. This method at this stage 
does require a full set of ca coordinates. The method also has an advantage of being 
computer inexpensive. For the generation of an average model using the program crystal 
approximately 0.5s of computer time is required per residue. Energy minimisation 
requires approximately 9s of computer time per residue. 
Table 3.6 The r.m.s.d. after energy minimisation for eight different modelling methods 
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R.m.s.d (A) 
Protein Method 1 2 3 4 5 6 7 8 
3FXN 0.43 0.51 0.48 0.49 0.44 0.49 0.46 0.51 
1CTF 0.48 0.29 
lCRN 0.47 0.56 0.43 
lTIM 0.52 0.59 0.53 
4TNC 0.28 0.41 0.36 
4PTI 0.57 0.43 0.51 0.45 
Method 1. MCPB in this work. 2. Reid and Thornton (1989). 3. Holm and Sander 
(1991). 4. Rey and Skolnick (1992). 5. Levitt (1992). 6. Correa (1990). 7. Mandai and 
· Linthicum (1993). 8. Mathiowetz and Goddard (1995). 
3.4. Conclusion 
In this chapter, we have presented a MCPB method that allows for the construction 
of a protein backbone from co: coordinates. The method requires the co: coordinates to 
be known but the sequence is not required. The method gives the backbone structures 
whose coordinates deviate from the X-ray coordinates by an average of 0.52 A before 
energy minimisation, and 0.43 A after energy minimisation with the OPLS/ Amber force 
field and GB/SA solvent method comparing favourably with other methods. The 
computational time to generate the backbone coordinates is cost effective. The method is 
not demanding in computer time even with inclusion of the energy minimisation. The 
method is accurate, efficient and robust for the modelling of protein backbones. The 
modelling technique has the potential when integrated into and used in conjunction with 
traditional X-ray techniques to speed up structure solution. 
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Where the pj, qi and ri (i = 1, 2) are vectors of the atomic positions; the distance 
d1 is the bond length, C', C1a; <XI the angle C', C1a, C2a with a value of 21.5°; 
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has a value 0.0°; A, B and C are the parameters for the equation of the plane 
formed by C1 a, C2a, Csa. The vectors and the plane parameters A, B and C are 
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Pi = X- Xi, 
fi = Z- Zi, 
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Prediction of side-chain conformations 
Summary 
A model of nine proteins including side-chain atoms have been built 
from the known ca coordinates and amino acid sequences using a Monte 
Carlo Protein Building Annealing (MCPBA) method. The Cartesian 
coordinates for the side-chain atoms were established with bond lengths and 
angles selected randomly from within ranges of values previously determined 
by analysis of fourteen protein crystal structures and with torsional angles 
randomly selected from -180° to 180°. A simulated annealing technique is 
used to generate some 300 structures with differing side-chain 
conformations. The atomic coordinates of the backbone atoms are fixed 
during the simulated annealing process. The coordinates of the side-chain 
atoms of the 300 low energy conformations are averaged to obtain a mean 
structure which is minimized with the ca atoms constrained to their position 
in the X-ray structure using the OPLS/ AMBER force field with the GB/SA 
water model. The r.m.s.d of the main-chain atoms (without C~) compared 
with the corresponding crystal structures is in the range 0.20 A to 0.64 A 
with a average value of 0.45 A. The r.m.s.d of the side-chain atoms is 
between 1.72 A and 2.71 A with a average of 2.26 A. The r.m.s.d of all 
atoms is between 1.19 A and 1.99 A with a average of 1.61 A. The method 
is insensitive to random errors in the ca positions and the computational 
requirement is modest. 
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4.1. Introduction 
In the past few years several groups have developed model building algorithms to 
construct all the atomic coordinates of a protein backbone and the side-chains from 
known ca coordinates. 1 Two degrees of torsional freedom, <1> and \jf, largely determine 
the folding patterns of the main-chain. Side-chain torsional angles similarly define side-
chain conformations. These main and side-chain variables are coupled due to the 
importance of side-chain packing in folding stability. Early studies suggested that the 
side-chains adopt low energy conformations2 often close to conformations found in free 
amino acids. Recent studies of a large sample of well-refined structures confirm that 
commonly occurring conformations are close to standard low energy rotamers of the 
individual amino acids.3,4 
As with the problem of protein folding, the principal difficulty in making 
predictions of side-chain conformations is the enormous number of permutations 
possible. Three different strategies have been used to minimise this obstacle. 
(i) The conformations of each residue can be reduced to a limited number of 
allowed conformations. This method has been useful for defining conformations that can 
be packed into a given spatial region.5,6 
(ii) Side-chain conformations can be built by either molecular dynamics or 
simulated annealing techniques. The structures are subjected to energy minimisation. 
These techniques are computer intensive. For example molecular dynamics has been 
used7 to generate conformers from model structures built using Scheraga's algorithm 
(Appendix 1) from ca coordinates for a-lytic protease, troponin and flavodoxin. For 
these three proteins the main-chain r.m.s.d range from 0.19- 0.49 A, and the all atom 
(backbone and side-chain) r.m.s.d from 1.24 - 1.68 A. Specifically the r.m.s.d, for 
3FXN is 0.49 A for main-chain atoms and 1.64 A for all atoms. 
Lee and Subbiah8 generate side-chain conformers by varying side-chain torsion 
angles in increments of 10° during simulated annealing. The van der Waals interactions 
between side-chain atoms and main-chain atoms were evaluated for each rotamer and for 
nine proteins. The average side-chain r.m.s.d was 1.77 A. oA = 0.1 nm).9 
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Recently a modelling algorithm (PROGEN) utilising an optimal geometry parameter 
database for the positioning of atoms of each amino acid from co: coordinates has been 
described. 10 Subsequent molecular dynamics with the backbone atoms fixed is used to 
generate other conformations. The method first generates the backbone and cP atoms. 
The side-chains are rotated about the various torsional angles and molecular dynamic 
simulations and energy minimisation used to place atoms in positions of minimum 
contacts. For sixty structures the r.m.s.d for the main-chain atoms ranged from 0.29 -
0.76 A with an average value of 0.53 A. For all non-hydrogen backbone and side-chain 
atoms the range in r.m.s.d was between 1.44 - 1.93 A. 
(iii) The main-chain and side-chain conformations can be generated by segment to 
segment matching with known proteins in a data base. Energy minimisation techniques 
have been used to refine the side-chain conformations. The side-chain conformations 11 of 
· flavodoxin (3FXN), a commonly employed standard for such studies, have been 
predicted from the ca coordinates with an overall side-chain r.m.s.d of 2.4 A. Structures 
generated by this method12 have been used to develop electron density maps13 as an aid 
to X-ray structure analysis. 
In another segment match modelling approach (SMM)14 the target structure is 
broken into short segments defined only by ca coordinates and the sequence. The 
segments were matched in the protein data base and the segment coordinates fitted into the 
growing target structure. The procedure can be repeated to give a number of 
independently built models. The structures were averaged to give a mean structure, often 
with unrealistic bond lengths and angles which was subjected to energy minimisation to 
bring appropriate corrections to bond lengths and angles. The main strength of this 
strategy, is its ability to circumvent the number of permutations of side-chain 
conformations. However the limitation of the method is the extensive and inclusive 
protein data base required. 
We have previously developed a Monte Carlo Protein Building method (MCPB) to 
generate the main-chain atomic and C~ atoms coordinates from ca coordinates. 15 We 
have extended this method, modified to include simulated annealing16 and referred to as 
the Monte Carlo Protein Building Annealing method (MCPBA) to generate a battery of 
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conformers to the generation of side-chain atoms. The performance of the method for the 
generation of side-chain conformations is assessed. 
Our attention is focused toward modelling the coiled-coil protein structures found in 
wool protein. Few X-ray structures of proteins that contain coiled-coiled segments exist 
in the PDB file, and therefore segment matching techniques are not yet appropriate. The 
MCPB-anneal (MCPBA) technique requires less computing time than for a systematic 
search of side-chain conformations5 or molecular dynamics strategies 7 for defining side-
chain conformations. These latter methods would be prohibitive for proteips of the size in 
wool. We have applied the MCPBA technique to the side-chain packing problem for nine 
proteins to assess its performance in the prediction of the side-chain atomic coordinates. 
The method faces two distinct challenges. Firstly, it is unclear the extent to which 
packing energy is a predictor of protein structure since even relatively sophisticated 
· potential functions have been found to be poor predictors of protein structure. 17 For this 
reason, and due to the complexity of the problem we have in the first instance limited the 
computation of side-chain conformational energies to evaluation of van der Waal 
interactions. Secondly, any method must overcome the combinatorial complexity to find 
well-packed conformations. 
4.2. Computational methods 
The atomic coordinates of the backbone atoms (including C~) are defined by the 
Monte Carlo Protein Building method (see chapter three) where dihedral angles are 
selected from a data base arrived at from a statistical analysis of the relationship between 
dihedral angles of the b.ackbone and ca coordinates for a protein data base. The averaged 
coordinates from ten backbone models of a protein were used to define a mean structure 
that was refined by energy minimisation (EM) generally using the Amber/OPLS force 
field with GB/SA water model. 
4.2.1. Threshold energy of the side-chain 
The coordinates of the cr atom of the first side-chain from the N-termini are 
generated from the C~, ca and N coordinates of the first amino acid residue of the 
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backbone using Scheraga's algorithm. 18 The bond length and bond angles associated 
with CY are taken by random selection from literature values. 19 Statistical analysis of side-
chain conformations from X-ray structures have shown4 the side-chain torsional angles 
are general X= 60 (g-), 180 (t) or 300 (g+)_3,20,21 but criterion for predicting the value 
are not known. For these reasons, except for the proline residue, we have, unlike other 
methods23 not limited the selection of torsional angles from preferred ranges but made 
random choices from -180° to 180°. The subsequent atomic positions of the side-chain 
are defined in a similar way from the internal coordinates of atoms C<X, C~, CY and so on. 
The proline residue is special because little variation in the side-chain torsional angles are 
observed. 22 In the crystal structures there are three populated side-chain conformations 
for proline, defined as up, down and planar.23 The ranges of values of the torsion angles 
in these three conformations are normally within the ranges XI = 10° - 40° and X2 = 10° -
15° and values of the torsional angle for proline are therefore randomly selected from 
within these ranges. 
In order to obtain the energy associated with a side-chain conformation the van der 
Waals 6-12 potential energy24 is determined using the non-hydrogen energy parameters 
of the force fields ECEPP/2, AMBER and OPLS developed by Scheraga,23,25 Kollman26 
and Jorgensen27 respectively. For the models of the proteins 1CRN, lROP, 3FXN and 
2ZTA the OPLS van der Waals force field gave the lowest r.m.s.d of all non-hydrogen 
atoms after energy minimisation. We have therefore used this force field in most 
subsequent studies.28 The van der Waals interaction energy is successively calculated for 
each side-chain atom of a residue in associated with that residue backbone atoms (N, ca, 
C', 0) and all atoms of the previous four amino acid residues. (For the first few amino 
acids it is obviously not possible to consider four amino acids but only those that are 
present). This gives a van der Waals interaction energy for each atom of the side-chain. 
For any conformation of the side-chain the energies of each of the side-chain atoms 
obtained in this way are added together and this energy is stored as the energy for the 
side-chain, for that conformation and the environment of the specific conformations of the 
preceding four amino acids. The next side-chain is then constructed and energy of the 
side-chain assessed as above. The process is continued to the last residue side-chain. The 
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process is repeated to generate three hundred conformers of the protein have been 
generated. The average value of the conformational van der Waals energy for each residue 
of the side-chain for the 300 structures is determined and is used as a threshold value for 
this particular residue side-chain in subsequent simulated annealing. 
4.2.2 The simulated annealing protocol. 
With the backbone atoms fixed, structures with varying side-chain conformations 
are generated as above. These can be considered as structures 301, 301, 302, etc. The 
first structure (i.e. 301) is used as a mother conformer. A second structure 302 is built 
with each side-chain being added sequentially in the following way. The van der Waals 
energy of each side-chain with respect to the amino acid that it is attached to and to the 
preceding four amino acids is assessed as above. If the conformational energy of the side-
. chain is lower than or equal to the threshold energy of that side-chain in the average of the 
300 structures above then the atomic coordinates of this side-chain in the new conformer 
are retained. The next side-chain is built and the van der Waals energy assessed. If the 
van der Waals energy of this side-chain with the amino acid to which it is attached along 
with the proceeding four amino acids and side-chains is above the threshold energy then 
the atomic coordinates of this side-chain are discarded and the atomic coordinates of the 
side-chain in the mother conformer are copied into the side-chain position of the new 
conformer. This process is repeated for the next side-chain and so on until all the side-
chains have been assigned a conformation and the structure of 302 is then complete. The 
total van der Waals energy interaction of this conformer is calculated. 
A simulated annealing criterion is used to determine if this new structure 302 is 
accepted or discarded. If the total van der Waals energy of 302 is less than a 
"predetermined arbitrary large value", it is accepted and the atomic coordinates kept. The 
energy of this structure now replaces the energy of the "predetermined large value 
energy". The next structure 303 is generated in the same way as 302 and if the 
conformational energy of 303 is not less than that of the previous structure 302, an 
acceptance criterion is invoked. If the value of exp( -~E/T) (~E = EnewC303) -
Eold(302) where T is the annealing temperature) is greater than or equal to r i.e. r:::; 
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exp( -LlE/T), where r is an uniform random number (0 < r < 1 ), the structure is accepted 
and the energy E01ct(302) of the previous structure is replaced by the energy EnewC303) 
of the new structure. If r > exp( -LlE/T), then the new structure is rejected. This procedure 
prevents the conformational search being locked into a local minimum. The annealing 
temperature is gradually lowered from 1500°C to ca 5°- 50°C. A series of conformers of 
the modelled protein are generated in this way. 
As each structure is accepted on energy criteria the r.m.s.d of the main-chain, the 
side-chain and all atoms are compared with the corresponding X-ray structure. The 
structure number, energy and r.m.s.d data is recorded in an .acp file though at this stage 
only the coordinates of the lowest energy structure are kept. In the simulated annealing 
procedure, the ratio of the number of accepted conformational energies to the total number 
of conformations generated is represented by P which has a value within the range 0 and 
· 1. At high temperatures, almost all the energies of the conformations generated are 
accepted since Tis greater than LlE, ((LlE/T) = 0) and exp(-LlE/T) is close to 1. As the 
temperature is lowered the proportion of the conformers accepted reduces (P gradually 
lowers). If the ratio P falls too quickly, the simulated annealing process can be trapped in 
a local energy minimum. The annealing temperature T governs the rate of change of P. 
The compromise is that the more slowly P falls the more computer time is required. In 
practice, T is lowered in discrete steps. The starting temperature for annealing is given as 
Ts 8 and a temperature factor, g, where g is between 1 and 0.1, is included in the 
calculation to control the rate of temperature fall. If the energies of two consecutively 
generated conformers are accepted the temperature is reduced by multiplying the 
temperature by the value g. For this work a value of 0. 98 was found appropriate. 8 As the 
simulated annealing proceeds, the frequency of conformer rejection increases and the ratio 
P gradually decreases. When P = 0.5 half of the generated conformations have had 
energies that have been recorded in the .acp file though the coordinates at this stage are 
not collected. For values of P lower than 0.5 the coordinates of each structure that is 
accepted on energy criteria are retained in the .scg file. For practical reasons of computer 
storage space, we have chosen to collect the coordinates of a maximum of 300 
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conformers at any time. As each new structure over 300 is kept then the first of the three 
hundred structures are discarded and so on. 
The termination of the annealing procedure is set by one of three conditions: (i) a 
defined number of accepted conformations is met. For our studies the number was set at 
20,000, (ii) a predetermined number of consecutively rejected conformers is met. For this 
work the value was set at 1 ,000, (iii) or when P = 0.1. These criteria, the force field used 
and the starting temperature T s can be defined in the crystal. com file. The temperature at 
which the simulated annealing stops is T-finish (Tf). 
4.2.3. The mean structure of the full atom models 
The averaging of atomic coordinates of several modelled structures of a protein 
backbone has proved useful in generating best structure coordinates.14 The average of ten 
· backbone and CP models generated by the MCPB method for each of twenty four 
proteins gave an r.m.s.d of 0.43 A.29 For the ensemble of 300 structures collected by 
simulated annealing we have examined the effect of averaging the main-chain and side-
chain coordinates after the simulated annealing process is terminated. The r.m.s.d of the 
mean structure is significantly smaller than that for any individual conformer, however 
the bond lengths and angles of the mean structure are somewhat unrealistic. Bond lengths 
of the side-chain are shorter than expected and aromatic rings distort. 30 The problem 
arises because of the large differences in side-chain conformations and is overcome by 
energy minimisation when the angles and lengths are brought to realistic values.14 These 
values are corrected by energy minimisation of the mean structure carried using the 
Macromodel/Batchmin package. 31 
4.2.4. Energy minimisation of the mean structure 
An average structure obtained after simulated annealing procedure without 
hydrogen atoms for each of the twenty-four proteins was minimised with 
Macromodel/Batchmin using the AMBER/OPLS (non-hydrogen) force field26 and 
GB/SA water model. 32 The ca atoms of the model structure of the proteins are restrained 
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to their initial positions as defined by the X-ray coordinates.33 Energy minimisation is 
limited to 300 steps. 
4.2.5. Computer program 
The program crystal, written in FORTRAN 77 to run on the IBM RS/6000 
generates the backbone structure using the MCPB method and builds the side-chain 
conformations by use of the Scheraga algorithm and encapsulated the simulated annealing 
protocol and screens the structures as appropriate. In the program, two steps are 
involved. First ten independent models of the backbone and C~ atoms are generated with 
different random seed numbers by the MCPB method. The atomic coordinates of the ten 
structures are averaged to obtain a mean structure. Secondly the Scheraga algorithm is 
used to generate a conformation of each side-chain and this is followed by the simulated 
· annealing procedure to generate the side-chain conformations about the mean backbone 
structure using the MCPBA procedure. Generally some 5,000 conformers of the protein 
are generated with the atomic coordinates of 300 conformations collected at any time 
during the annealing procedure. The program aver, also written in FORTRAN 77 gives 
the mean structure by calculating the average atomic coordinates of the collected 
conformations. Energy refinement of the mean structure is carried out using 
Macromodel/Batchmin. The computer requirements of these procedures are modest. For 
proteins with ca 200 residues, it takes ca. 2 hours for simulated annealing processing. 
3FXN with 138 residues takes 92 minutes. Energy minimisation of the mean structure 
(300 iterations) takes ca. 2 hours for a protein with 200 residues. Thus, the total 
computing time required to model such a protein is about 4 hours. 
4.3. Results and discussion 
The MCPBA method has been tested on nine proteins (see Table 4.1) selected from 
the Brookhaven Protein Data Bank34, which have a resolution of 2.5 A or better.35 The 
proteins contain between 46 and 494 amino acid residues and the total number of the 
residues in the nine proteins is 1338. Three of the proteins 1 TIM, 2CCY and 2ZTA, have 
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two chains or sub-units. 2ZTA is a coiled-coil protein with two parallel chains36 and 
1ROP is a coiled-coil where one chain folds into an anti-parallel coiled-coil structure.37 
Table 4.1. The proteins used in this work 
Protein Name Code Number of Residues 
Crambin lCRN 46 
COL*E Rop lROP 56 
Isomerase 111M 494 
Steroid Binding lUTG 70 
Cytochrome C 2CCY 254 
Leucine Zipper 2ZTA 62 
Flavodoxin 3FXN 138 
Trypsin Inhibitor 4PTI 58 
Troponin C 4TNC 160 
4.3.1. The r.m.s.d. offull atom model 
The atomic coordinates of the side-chains of the nine proteins have been generated 
using the MCPBA method. The r.m.s.d of side-chain, the backbone atoms and all non 
hydrogen atoms of the mean structure after energy minimisation are compared with the 
X-ray structures in Table 3.2 of chapter 3. The models constructed from the known ca 
coordinates by the MCPBA method are remarkably accurate. After energy minimisation, 
the overall r.m.s.d of the protein models is 0.45 A for main-chain atoms (excluding C~), 
2.25 A for side-chain atoms and 1.61 A for all non-hydrogen atoms. The accuracy varies 
with the protein. The r.m.s.d of all atoms is lowest for 1CRN (1.19 A) and greatest for 
4PTI (1.99 A). The r.m.s.d of the mean structure including main-chain and side-chain 
atoms is better than the average r.m.s.d of each of the collected conformations. 
A maximum difference of ca. 1A between the average r.m.s.d of the collected 300 
structures and the r.m.s.d of the mean structure, obtained from the 300 structures and 
before energy minimisation occurs for the side-chain of protein 4PTI. Energy 
minimisation of a mean structure can slightly increase the r.m.s.d of the side-chain and all 
atoms, however distortions on bond lengths and angles of a mean structure are corrected. 
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The r.m.s.d of the backbone atoms show less variation between the different protein 
structures than do the side-chain or all atom r.m.s.d's after energy minimisation. The 
average value of the r.m.s.d of the main-chain is 0.45 A, which is comparable to that 
previously reported (0.43 A) in chapter three. The protein 3FXN after energy 
minimisation on the mean structure, with the side-chains attached and ca carbons fixed 
in the position defined by the X-ray structure, has a r.m.s.d for the main-chain atoms of 
0.57 A (Table 4.2).38 
Table 4.2. The r.m.s.d of protein model compared with the crystal structure. 
R.m.s.d. (A) 
Protein Simulated annealing Meane EMf 
Nresa Worstb Beste Aved 
· Main-chain 
1CRN 46 0.96 0.72 0.84 0.64 0.52 
1ROP 56 0.52 0.43 0.46 0.36 0.33 
1TIM 494 0.86 0.76 0.79 0.58 0.62 
1UTG 70 0.66 0.61 0.53 0.38 0.30 
2CCY 254 0.69 0.63 0.66 0.48 0.48 
2ZTA 62 0.48 0.37 0.42 0.23 0.21 
3FXN 138 0.81 0.71 0.77 0.53 0.57 
4PTI 58 1.03 0.72 0.89 0.61 0.64 
4TNC 160 0.66 0.56 0.61 0.39 0.40 
Overallg 0.45 
Side-chain 
1CRN 46 3.25 1.81 2.51 1.79 1.72 
1ROP 56 3.19 2.44 2.82 1.93 2.04 
1TIM 494 3.24 2.79 3.05 2.21 2.36 
1UTG 70 3.12 2.34 2.76 1.96 2.04 
2CCY 254 3.19 2.63 2.96 2.13 2.40 
2ZTA 62 3.62 2.56 3.15 2.21 2.57 
3FXN 138 3.27 2.68 3.01 2.20 2.15 
4PTI 58 4.18 2.98 3.62 2.68 2.71 
4TNC 160 3.19 2.54 2.90 2.07 2.37 
Overall 2.25 
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All atoms 
1CRN 46 2.16 1.27 1.70 1.07 1.19 
1ROP 56 2.26 1.73 1.99 1.38 1.45 
1TIM 494 2.25 1.95 2.13 1.57 1.68 
lUTG 70 2.19 1.66 1.95 1.34 1.47 
2CCY 254 2.16 1.79 2.01 1.47 1.64 
2ZTA 62 2.62 1.85 2.28 1.62 1.89 
3FXN 138 2.30 1.90 2.12 1.58 1.55 
4PTI 58 2.96 2.13 2.57 1.94 1.99 
4TNC 160 2.24 1.80 2.04 1.47 1.67 
Overall 1.61 
a Nres is the number of residues in the protein. 
b Worst: the highest r.m.s.d. in the collected structures compared with the X-ray 
structure. 
c Best: the lowest r.m.s.d. in the collected structures compared with the X-ray structure. 
dAve: the average value of r.m.s.d for all collected structures in the simulated annealing. 
e Mean: the r.m.s.d. of the mean structure before energy minimisation. 
f EM: the r.m.s.d. of the mean structure after energy minimisation. 
g The overall r.m.s.d. corresponding to values for the nine proteins. 
4.3.2 The r.m.s.d. of amino acid residues 
An examination of the r.m.s.d for individual amino acids in the nine energy 
minimised modelled structures are shown in Table 4.3. Bond lengths and angles are 
close to standard values.39 
Table 4.3. R.m.s.d of the amino acids in the nine proteins. 
r.m.s.d. (A) 
Amino acid number backbonea side-chain totald 
Ala 151 0.38 0.35 0.38 
Arg 46 0.44 3.08 2.47 
Asn 41 0.51 2.08 1.53 
Asp 78 0.49 2.26 1.64 
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Gin 46 0.32 2.59 1.03 
Cys 32 0.41 1.53 0.96 
Glu 123 0.39 2.37 1.79 
Gly 114 0.72 --b --b 
Tie 76 0.39 1.83 1.33 
His 22 0.33 2.22 1.76 
Leu 108 0.38 1.77 1.29 
Met 35 0.51 2.19 1.62 
Lys 118 0.41 2.59 1.92 
Phe 48 0.45 2.86 2.30 
Pro 46 0.50 0.56 0.55 
Ser 60 0.41 1.35 0.88 
Thr 62 0.42 1.57 1.12 
Trp 19 0.43 3.32 2.83 
Tyr 21 0.40 2.87 2.37 
Val 80 0.30 1.26 0.77 
NAMC 12 0.42 --b --b 
Overall 1338 0.43 2.04 1.41 
a Backbone atoms without C~, b No side-chain for this amino acid' c NAM represents the 
capped group for the last residue of the protein. There are twelve chains or sub-units in 
the nine proteins. 2ZT A, 2CCY and 1 TIM have two chains or sub-units. There are a total 
of twelve capped groups. d The r.m.s.d. of the structure including all backbone and side-
chain non hydrogen atoms. 
For most amino acid main-chain atoms the r.m.s.d is ca. 0.4 A. The r.m.s.d is 
poorest for glycine (Gly) (0.71 A) which is not constrained by a side-chain. An analysis 
of r.m.s.d of main-chain and C~ atoms has been reported previously (see chapter three). 
The r.m.s.d's of the side-chain atoms are below 1 A for Proline (Pro) and Alanine (Ala), 
and below 2 A for Cysteine (Cys), Valine (Val), Leucine (Leu), Isoleucine (Ile), Serine 
(Ser) and Therine (Thr). The polar and charged amino acid residues have larger r.m.s.d's 
than for non-polar residues. The polar amino acid residues and those containing aromatic 
groups have r.m.s.d's of the side-chain atoms greater than 2.0 A. The largest r.m.s.d is 
for the polar amino acids Tryptophan (Trp), followed by Arginine (Arg) which are more 
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difficult to model because their conformations are most affected by solvent and crystal 
contacts)4,10 
Structural diagrams of the amino acid residues with aromatic side-chains overlaid 
with the corresponding atoms from the X-ray structures for 3FXN and 2CCY are shown 

































Figure 4.1. Structural diagrams of residues with aromatic side-chain: X-ray 
structures and the corresponding modelled structure built by the MCPB and MCPBA 
methods for theca coordinates of 3FXN. The backbone atoms (N, ca, C', 0) and the 
side-chain atoms are drawn for each residue. The numbering of atoms in each residue 
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begins at the nitrogen of the backbone. The X-ray structure have atom numbers is less 
than 14 for Trp, 12 for Tyr, and 11 for Phe, and the modelled structure atoms numbers 
larger than that values respectively. The r.m.s.d. of the residue side-chain (including C~) 
compared to the corresponding X-ray structures are given in parentheses. The Structural 



































Figure 4.2. Structural diagrams of the aromatic residues; X-ray structures and the 
corresponding modelled structure built by MCPB and MCPBA methods using the ca 
coordinates of 2CCY. The backbone atoms (N, ca, C', 0) and the side-chain atoms are 
drawn for each residue. The numbering of atoms in each residue begins at the nitrogen of 
the backbone. The X-ray structures have atom numbers less than 14 for Trp, 11 for Phe 
and 10 for His, and the modelled structure have different numbers larger than these 
values respectively. The r.m.s.d. of the residue side-chain (including C~) compared to 
the corresponding X-ray structures are given in parentheses. The molecular stereo views 
were made on an Apple Macintosh by using Chem3D Plus software. 
For 3FXN, the residues Trp6, Phe69, Phe66, Tyr88, Phe99, Phe85 and Phe131 
are close to conformation in crystal structure. Residues Tyr5, Tyr106, Trp90 and Trp95 
are packed differently in the modelled to the crystal structures. The r.m.s.d. of all side-
chain atoms is 2.1 A. 
For 2CCY, the side-chains Phe28, Phe81, Phe124, Phe155, Phe208, Trp22, and 
Trp149 are close to conformation in the crystal. The side-chains of His121, His248, 
Phe74, Trp184, Trp57, Trp85, Phe251, Trp212 and Phe201 are packed differently in the 
model compared with the crystal structure. The largest r.m.s.d. is for the side-chain 
Trp85 with the value of 6.79 A. The r.m.s.d. of all side-chain atoms is 2.4 A. 
If the average r.m.s.d of the side-chain atoms compared with the X-ray structure 
exceeds 2.0 A, the side-chain conformation is considered to be incorrect. This criterion 
has been introduced by Levitt14 in his segment matching method. For the nine proteins in 
this study the number of side-chains outside this criteria for each amino acids is given in 
Table 4.4. Polar side-chains have an error rate of 31% which is lower than for non-polar 
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side-chains. The error rate for charged side-chains is high and greatest for Arg, consistent 
with interaction between polar side-chain and solvent having an important influence on 
conformation: Non-polar side-chains have an error rate of 18% with the exception of 
methionine (Met) with a high error rate of 48%. 
Table 4.4. Ratio of the number of side-chains for the different amino acids which are 
outside the 2 A criteria 
Amino acid 





































































4/6 19/34 5/6 
113 30/44 6/7 
114 14/16 112 
17/56 176/494 28/70 
9/204 
0/2 0/2 0/1 0/1 0/1 0/12 
0/20 0/0 0/14 0/6 0/13 0/114 
0/14 0/0 0/3 0/4 0/1 0/46 
114 0/0 0/3 3/6 0/1 9/32 
84/450 
0/56 0/2 0/6 0/5 0/13 0/151 
116 116 2/10 0/1 1/6 17/80 
0/4 0/0 8/14 0/2 1111 22/76 
3/24 0/12 3/8 0/2 2/10 28/108 














0/0 0/0 111 
015 114 7/11 
113 114 0/0 






















11119 2/2 18/25 77/123 
7/10 3/4 6/10 79/118 
2/2 5/6 6/6 36/46 
54/138 19/58 73/160 453/1338 
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% 17.3 30.4 35.6 40.0 26.0 40.1 39.1 32.7 45.6 33.5 
a NAM is the capped group of an end-chain. 
Overall 33% of the side-chains fall outside the 2 A criteria. When charged side-
chains are excluded the error rate falls to 22%. For lCRN the overall error rate is lowest 
(17.3%) and is highest for 4TNC (45.6%). The "special" group of the amino acids 
which includes capped amino acids, glycine, proline and cysteine have an error rate of 
4%. 
The r.m.s.d for the main-chain, side-chain and all atoms for the different motif 
regions of secondary structure in each protein are listed in Table 4.5. 
Table 4.5. R.m.s.d in the secondary structure region of the model in the nine proteins 
Motif 
Protein a -Helix ~-Sheet ~-Turn Random coil 
Ba sc ~ B s T B s T B s T 
1CRN 0.30 1.94 1.32 0.70 1.75 1.23 0.33 1.87 1.25 0.69 0.87 0.75 
1ROP 0.20 2.04 1.44 
__ e 1.99 3.79 3.03 
1TIM 0.59 2.38 1.71 0.56 2.03 1.44 --e 0.64 2.40 1.70 
1UTG 0.18 2.27 1.61 
__ e 
0.39 3.42 2.61 0.54 1.67 1.13 
2CCY 0.35 2.44 1.67 --e 0.69 2.61 1.73 0.54 2.39 1.64 
2ZTA 0.23 2.60 1.89 --e 
3FXN 0.23 2.33 1.65 0.45 1.94 1.35 0.91 2.13 1.62 0.71 2.21 1.56 
4PTI 0.20 2.60 1.81 0.40 2.28 1.73 --e 0.78 3.11 2.16 
4TNC 0.27 2.38 1.71 --e 0.55 2.60 1.80 
Overall 0.28 2.33 1.64 0.53 2.00 1.44 0.58 2.51 1.80 0.81 2.38 1.72 
a B; the r.m.s.d. of the backbone atoms, cs; the r.m.s.d. of the side-chain atoms, dT; the 
r.m.s.d. of all non-hydrogen atoms. e no motif is assigned in the PDB. The motifs, a-
helix, P-sheet and P-turn, are as defined in the PDB. Residues which have no definition 
in the PDB are taken as a random coil motif. 
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For the backbone atoms of a-helix motif the r.m.s.d (0.28 A) is smallest. For ~­
sheet 0.53 A, ~-turn (0.58 A) and random coil motifs (0.81A). For side-chains of a-
helical motif the r.m.s.d (2.33 A) is greater than for ~-sheet (2.00 A). The r.m.s.d of the 
side-chain of CRN is 1.94 A in the a-helical region and 1.75 A in the ~-sheet region. For 
FXN the r.m.s.d of the side-chain is 2.33 A in the a-helical region and 1.94 A in the ~­
sheet region. In PTI, 2.60 A in the a-helical region and 2.28 A in the ~-sheet region. For 
TIM, the r.m.s.d is 2.38 A in the a-helical region and 2.03 A in the ~-sheet region. The 
r.m.s.d of the side-chain conformation in the ~-sheet region is significantly better than 
that in the a-helical region. The side-chain conformation in ~-sheet regions is modelled 
better than in a-helical regions by the MCPBA method. In the ~-turn region the average 
r.m.s.d (2.51 A) of the side-chain conformations is greatest. The random coil region the 
r.m.s.d of the side-chain is 2.38 A close to that in a-helix motif (2.33 A). 
4.3.3. Molecular surface areas and volumes 
The solvent-accessible surface (SAS) area and volumes and van der Waals (VDW) 
surface areas and volumes of both the modelled (MCPB/MCPBA) and X-ray structures 
were calculated with the Gepol program using the method of Pascual-Ahuir et aJ.40 The 
SAS areas and volumes of the proteins are measured using a water molecule modelled as 
a spherical probe with a radius of 1.4 A (Table 4.6). 
Table 4.6. The SAS and VDW surface areas and volumes of the model and the X-ray 
structure. 
Surface area cA2) Volume cA3) 
SAS VDW SAS VDW 
Protein Model X-ray Model X-ray Model X-ray Model X-ray 
1CRN 3254 3040 4304 4241 9178 8912 4180 4166 
1ROP 4682 4441 6015 5905 12816 12537 5671 5644 
1TIM 20675 19703 46249 45629 93624 90592 35352 47688 
1UTG 5558 5127 7448 7260 16026 15305 7127 7135 
2CCY 13580 13172 24989 24703 49451 48226 24042 24002 


















The SAS and VDW areas of the model structures are generally larger by between 
200 to 500 A 2 (3-15%) and 60 to 200 A2 (1-6%) respectively than for the corresponding 
X-ray structure. The SAS and VDW volumes of the model structures are similarly larger 
than the values of the corresponding X-ray structures by 260 to 1000 A3 (4-10%). The 
VDW volumes of the model structures are closer to the values of the corresponding X-ray 
structure. The average VDW volumes compared with the X ray structures are 8 to 200 A3 
larger. For example, for UTG, the VDW volume (7127 A3) of the model structure is 
nearly identical to its X-ray VDW volume (7135 A3). For 3FXN, used as an example to 
consider differences of SAS volumes and VDW surface areas between the model and X-
ray structure, a plot of the SAS area and VDW area for individual amino acid residues 
with a surface probe of the size of a water molecule (r = 1.4 A) is shown in Figures 4.3 
and 4.4. The SAS areas for the residues have similar values between the model structure 
(dashed line) and the corresponding X-ray structure (solid line) (Figure 4.3). The VDW 
areas of the individual residues of the model structure (dashed line) are closer to those 
calculated for the X-ray structures (solid line)41 than the SAS areas. 
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In previous studies 14,10 the r.m.s.d's of the core or buried residues have been 
shown to be different from that of the exposed residues. We have examined the r.m.s.d 
of the SAS areas of the core and of the exposed residues of the nine proteins under study. 
A residue is defined as a core residue if 5% or less of its potential accessible surface area 
is available for contact with solvent.42 To obtain the potential solvent accessible surface 
area of each particular amino acid, the global minimum conformation of each of the 
twenty amino acids was minimised with Macromodel with the Amber/OPLS force field 
and GB/SA solvent model and the solvent accessible surface area calculated by using the 
program GEPOL. The r.m.s.d of the side-chain atoms were compared with the crystal 
structure the solvent accessible surface areas of the side-chain calculated. If the solvent 
accessible surface area of the side-chain in the model is equal to or less 5% than its 
potential solvent accessible area for that residue, the r.m.s.d of this side-chain residue is 
collected in the group of core residues. If not, the side-chain residue is considered to be 
exposed. Table 4.7 gives the r.m.s.d of the core and exposed residues for the nine 
proteins. 
Table 4.7. The r.m.s.d of the core and exposed residues. 
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r.m.s.d.a r.m.s.d.h 
Protein backbone side-chain all atoms backbone side-chain all atoms 
1CRN 0.49 1.46 1.01 0.70 2.56 1.93 
1ROP 0.37 1.90 1.33 0.15 2.48 1.88 
1TIM 0.62 2.26 1.59 0.56 2.83 2.16 
1UTG 0.24 1.99 1.39 0.50 3.05 2.25 
2CCY 0.46 2.41 1.65 1.05 2.16 1.69 
2ZTA 0.14 2.33 1.66 0.34 3.40 2.56 
3FXN 0.56 2.01 1.44 0.67 2.71 2.06 
4PTI 0.65 2.15 1.53 0.64 3.93 3.06 
4TNC 0.37 2.33 1.63 0.58 2.99 2.28 
Overall 0.43 2.09 1.42 0.57 2.90 2.21 
a r.m.s.d. of the core residues, b r.m.s.d. of the exposed residues. 
The average r.m.s.d of the main-chain atoms of the core residues is 0.43 A which is less 
than for the exposed residues (0.57 A) (Table 7). Similarly the r.m.s.d of the side-chain 
atoms of the core residues is 2.09 A and is less than for exposed residues (2.90 A). The 
average r.m.s.d. of all atoms in the core residues is 1.42 A which is less than for the 
exposed residues (2.21 A). The packing of the core residue side-chains is more efficient 
for the exposed residues. 
4.3.4. Effect on the random statistical errors in the ca coordinates 
To examine the validity of using the MCPB/MCPBA method to build accurate 
protein models from unrefined ca co-ordinates, which are in themselves imprecise, we 
introduced random statistical errors to the ca coordinates of the nine proteins and 
measured the resulting r.m.s.d's of the resulting models with respect to the X-ray 
structures. The random error was introduced as follows: For each ca atom in the data set 
of the protein, the product of three random numbers between -1.0 to 1.0 with a pre-set 
maximum deviation, was added to the x, y, and z coordinates of the ca atomic 
coordinates. This procedure was encapsulated in the program crystal . The generation of 
the backbone atomic coordinates by the MCPB method is dependant on the distance 
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between two consecutive ca atoms. The normal distance between two consecutive ca 
atoms is in the range of 3.79 ± 0.04 A as previously described in chapter two. The larger 
the random statistical errors introduced into the ca positions, the greater the variation of 
the distances between two consecutive ca atoms. Therefore random statistical errors 
introduced into ca coordinates are expected to affect the validity of structures generated 
from backbone atomic coordinates. With the exception of cis-proline, if the distance 
between any two consecutive ca atoms is larger than 4.1 A or less than 3.3 A a complete 
backbone model structure could not be built by the MCPB method. To overcome this 
problem which occurs when random statistical errors are introduced to the ca coordinates 
the distance between any two consecutive ca atoms was limited to within the range 3.7 ± 
0.4 A. and for cis-proline to 3.0 ± 0.5 A. In this way, a complete protein model can be 
built even when pre-set values of the maximum random statistical error is larger than 2.0 
A number of different sets of ca coordinates were generated with the pre-set 
maximum deviation gradually increasing by 0.25, 0.5, 1.0 and 2.0 A. Final models were 
obtained after energy refinement in which the ca position were not fixed. Up to 300 
steps of energy minimisation were carried out. Complete structures were modelled from 
these 'error-containing' ca co-ordinates and compared with the corresponding X-ray 
structures of proteins. The r.m.s.d of the model structures with different magnitude of 
random errors is given in Table 4.8. 
Table 4.8. The r.m.s.d (A) obtained after introducing random errors in theca 
coordinates 
Error scale (A) 
Protein 0.00 0.25 0.50 1.00 2.00 
Main chain 
1CRN 0.83 1.24 1.43 1.39 1.38 
1ROP 0.55 0.7 0.7 0.84 1.23 
1TIM 0.71 1.01 1.05 1.17 1.33 
lUTG 0.82 0.91 0.82 0.87 1.28 
2CCY 0.56 1.01 1.04 0.96 1.44 
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2ZTA 0.63 0.56 0.79 0.72 1.28 
3FXN 1.16 1.21 1.22 1.38 1.86 
4PTI 1.63 1.68 1.56 1.69 1.91 
4TNC 1.06 0.98 0.94 0.99 1.48 
Overall 0.88 1.03 1.06 1.11 1.51 
Side-chain 
1CRN 1.86 1.93 2.21 2.28 2.39 
1ROP 2.08 1.99 2.09 2.06 2.35 
1TIM 2.3 2.46 2.46 2.72 3.01 
1UTG 2.14 2.34 2.02 2.34 2.79 
2CCY 2.29 2.49 2.45 2.33 2.84 
2ZTA 2.64 2.68 2.43 2.75 2.88 
3FXN 2.46 2.7 2.5 2.72 3.41 
4PTI 3.14 3.45 3.53 3.37 3.43 
4TNC 2.54 2.69 2.51 2.53 3.07 
Overall 2.38 2.53 2.47 2.57 2.98 
All atoms 
1CRN 1.37 1.48 1.71 1.83 1.92 
1ROP 1.51 1.49 1.55 1.57 1.87 
1TIM 1.66 1.84 1.85 2.05 2.32 
1UTG 1.6 1.75 1.52 1.75 2.15 
2CCY 1.59 1.83 1.81 1.71 2.18 
2ZTA 1.96 1.98 1.84 2.05 2.27 
3FXN 1.9 2.07 1.95 2.14 2.72 
4PTI 2.45 2.69 2.71 2.64 2.76 
4TNC 1.93 2.01 1.88 1.91 2.39 
Overall 1.77 1.90 1.87 1.96 2.39 
4.3.5. Comparison of the r.m.s.d. with other methods 
In comparing the success of the various methods of modelling proteins from known 
sequence and ca coordinates with the MCPB/MCPBA method, two criteria have been 
considered. The first is the accuracy of the model as defined by the r.m.s.d with the X-
ray structures and the second the dependence of accuracy on the known atomic positions. 
Protein 3FXN has been widely examined by other methods and the r.m.s.d's of the 
main-chain, side-chain and all atoms of this protein for the different methods are 
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compared in Table 4.9. The MCPBA method gives a r.m.s.d of the main-chain atoms 
with a greater error than the other methods but importantly the r.m.s.d of all atoms is 
better than most of the available methods. 
Table 4.9. Comparison of methods for r.m.s.d. (A) of 3FXN. 
Method Backbone Side-chain All atom 
Jones and Thirup 0.51 2.41 --a 
Reid and Thornton 0.57 --a 1.73 
Correa 0.49 --a 1.64 
Holm and Sander 0.48 --a 1.57 
Mandai and Linthicum 0.46 --a 1.71 
Lee and Sander --a 1.90 --a 
Levitt 0.44 1.91 1.37 
This work 0.57 2.15 1.55 
a no data reported. 
Holm and Sander43 have developed a method that combines a data base search for 
the backbone coordinates and a simulated annealing method for the generation of side-
chain coordinates. This method has been tested for eight proteins and the r.m.s.d of the 
main-chain by this method is between 0.4 A and 0.6 A which is comparable with the 
MCPBA method. The r.m.s.d of the side-chains is 2.21 A where is comparable to that 
found in the present study (2.25 A). 
Mathiowetz and Goddard44 have reported a Dihedral Probability Grid Monte Carlo 
(DPG-MC) method to build protein models from ca coordinates. The method has been 
tested for sixty proteins. The r.m.s.d. of backbone atoms is 0.51 A and 1.73 for all 
atoms. The method is comparable with the MCPBA method. Another modelling method 
PROGENlO has been used to model sixty proteins and the overall r.m.s.d was 0.53 A for 
the main-chain atoms and 1.71 A for all atoms. These results are not as satisfactory as for 
the MCPBA method. 
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4.4. Conclusion 
The Monte Carlo Protein Building Anneal method (MCPBA) is a simple method for 
modelling full atomic structure of proteins starting only with the coordinates of ca atoms 
and the amino acid sequence. The method is accurate, efficient ( 40s/residue on an IBM 
RS/6000) and insensitive to random errors of up to 1 A in ca coordinates. For main-
chain atoms the average r.m.s.d. is 0.45 A and for all non-hydrogen atoms the r.m.s.d is 
1.61 A. We will subsequently report the use of the MCPBA method to generate the 
complete atomic coordinates of the coiled-coil structures of rod domain in wool protein. 
The method is easy to use and does not require a large protein data base as required for 
homology building. The accuracy of the method is at least comparable with methods 
previously reported but not as accurate as Levitt's SMM which however requires a large 
protein data base. The MCPBA method is applicable therefore in situations where no 
· suitable data base is available and complements data base homology modelling. 
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This sort of distortion was not observed when we averaged the atomic co-ordinates 
of the backbone. The same problem was observed by Levitt.14 
Macromodel software makes use of a standard inter atomic potential energy 
function, consisting of bond stretching, angle bending, tosional, non-bonded 
interactions and electrostatic interactions. The OPLS/ AMBER non-hydrogen force 
field and GB/SA water model are selected for the energy minimisation of the mean 
structures. The default values of the cut off distances of each interaction atomic pair 
in Macromodel/Batchmin is used.The conjugate gradient method is selected for 
energy minimisation. The method is commonly used for minimisation of proteins 
and macromolecules. During energy minimisation, no hydrogen atoms are included 
and the ca co-ordinates in the mean structure are fixed in their position defined by 
the X-ray structure. Some 200 steps of energy minimisation are generally required 
to correct the angles and bond lengths of the mean structure. A default value of 300 
steps is used to ensure the structures are corrected. 
Still W. C., Tempczyk A., Hawley R. C., Hendrickson T. (1990) J. Am. Chern. 
Soc. 112, 6127-6129. 
This is done using Macromodel/BatchMin .com file by adding the command FXAT 
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Chapter Five 
Modelling studies of the coiled-coil protein in wool 
Summary 
A full atomic model of the rod domain of wool has been established from the 
amino acid sequences of proteins 7c and 8c-1 using the MCPB/MCPBA method. For 
the particular knob-hole heptad repeat model investigated in this study the single a-
helical chain the rise per residue is 1.464 A, the twist angle per residue 102.999°, the 
number of residues per turn is 3.524 and the pitch 5.171 A. For the four coiled-coil 
helical segments of the rod domain the pitch is in the range 124 A to 192 A and the 
radius varies between 5.24 A to 5.92 A. The inter-chain interaction energy is evaluated 
for van der Waals non-bonded, electrostatic and hydrogen bonding interactions. The 
optimum relationship of the a-helical chains to each other established the heptad repeat 
interaction; 34% of the leucine residues are located at the d position. Of the potential 
backbone hydrogen bonds in the a-helix between residues four apart 18% have a 
distance between a donor NH nitrogen and acceptor carbonyl oxygen greater than 3.5 
A. The hydrogen bonds between the side-chains of the two a-helices in the model are 
largely between Arg and Glu, Arg and Asp and Glu and Asp. The distances between 
the C~ atoms. of cysteine residues are > 4.5 A and outside that required for formation 
of disulfide bonds. The interchain interaction of charged residues with apolar, polar 
and charged residues in the a-a, a-d, d-d, and d-a heptad positions accounts for 70% 
of the interaction energy. The solvent accessible surface areas and volumes for the rod 
domain and for each of the coiled-coil helical segments are reported. 
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5.1. Introduction 
The commercial importance of wool has provided much of the impetus for 
undertaking research into keratin intermediate filament (IF) structures over the past fifty 
years. However, the structural problems posed by wool have proved to be 
extraordinarily complex. Many of the recent advances in keratin structure have arisen 
from investigations into non-keratin members of the IF family of proteins. These non-
keratin proteins have given a wealth of complementary data and have permitted new 
insights into the structure of keratin proteins. In wool protein, a filament-matrix 
composite is characterised by a high content of covalent disulfide bonds that weld the 
constituent rod domains and matrix into a mechanically stable structure. 1 The extent of 
disulfide bonding has made chemical investigation difficult. 
Many features of keratin IF structure have now gained wide acceptance.2,3,4,5 A 
notable feature of the coiled-coil rod domain in wool is the repeat heptad of residues. 
Coiled-coil structures are found not only in fibrous proteins e.g. keratin6 and 
tropomyosin 7 but also in globular proteins. 8 The coiled-coil helical structure in the rod 
domain of wool is not continuous and is interrupted by several short sections of non-
helical structure (Figure 5.1).9 TheN- and C-termini regions are non-helical. Chemical 
and biochemical data have shown unequivocally that the coiled-coil unit of keratin and 
other IF proteins consists of two chainslO rather than three chains as previously 
suggested. II A typical rod domain consists of two different a-helical chains, 8c-1 (Type 
I - acidic) and 7 c (Type II - basic) that are parallel and defined in a direction from the N-
to the C-termini in axial register.l2,13 The rod domain of wool keratin is ca. 470 A in 
length and consists of two segments (segment 1 and 2) each about 220 A in length. 
Segment 1 comprises two heptad-containing segments (1A and 1B) separated by a 
variable non a-helical link, L1. Likewise segment 2 contains a pair of heptad-containing 
segments (2A and 2B) separated by a length of non a-helical link, L2. Segments 1 and 
2, in turn, are connected by a non-helical link, L12. 
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~------ Rod Domain (470 A) ______ ___..,_ 
Segment 1 (220 A Segment 2 (220 A) 
Ll Ll2 L2 
Figure 5.1 (a). The structure of the coiled-coil rod domain in wool protein. (b) the chains 
of the rod domain 
The coiled-coil structure is stabilised by the interactions between the intertwining 
helices. Optimal packing is achieved by fitting the 'knobs' of one helix into the 'holes' of 
the other.14 The presence of a periodic disposition of apolar residues at positions a and d 
within a heptad repeat of the form, (a, b, c, d, e, J, g)n signals the potential for the 
interlocking of side-chains between the helices in the coiled-coil. This type of periodicity 
. is common in fibrous proteins and is characteristic of most membrane proteins as well as 
in a wide range of globular proteins. The coiling of two helical chains about each other 
optimises inter-chain packing of apolar residues within the coiled-coil. It is these 
interactions which define direction and the relative chain alignment between the various 
coiled-coil ropes that make up the wool fibre. 
The simplicity and elegance of the coiled-coil motif has spawned a number of 
modelling studies. The mathematical description of an ideal coiled-coil model was first 
developed by Crick14 and his equations form the basis of most studies. Regular 
mathematically defined coiled-coils have been subjected to energy minimisation. Parry 
and Suzuki 15 built a model using Crick's equations of two stranded coils of poly-L-
alanine with a pitch of 186 A and examined a range of radii of the coiled-coil. A 
minimum energy was found for a radius of 4.0 A. McLachlan16 proposed a model of the 
murein lipoprotein of Escherichia cofi17 as a two stranded coiled-coil with 58 residues in 
each chain and a pitch of 186 A. Energy calculations for a series of coiled-coils with 
different initial radii defined the lowest energy structure with a radius of the coiled-coil of 
4.125 A. 
A detailed coiled-coil structure for specific protein sequences is required to address 
questions concerning the structural basis of stability and sequence specificity for coiled-
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coil interactions. IS To date only a few data sets of the X-ray structures of coiled-coil 
proteins are on deposit in the PDB .19 Structures are available for Tropomyosin 
filaments,20 GCN4 (Leucine Zipper)21 and 1ROP.22 X-ray derived coordinates for the 
rod domain of wool protein have not been reported. For the few existing crystal 
structures the pitch of the coiled-coils vary in a range 137 A to 173 A and the radii of the 
coiled coil between 4.0 to 4.8 A. The X-ray structure of the protein tropomyosin 
filament,23 which is a two stranded parallel coiled-coil of 400 A in length, has the pitch 
137 A and a radius of 4.05 A.20 The protein yeast transcriptional activator GCN4 
(2ZTA),21 a short coiled-coil with two parallel chains containing 33 residues in each 
chain, has a pitch of 144 A and a radius of 4.8 A. The protein lROP, a monomer with 56 
residues with an anti-parallel coiled-coil structure, has a pitch of 172.5 A and radius of 
4.6 A.22 
Our efforts have been directed to creating a protein modelling algorithm to generate 
the coiled-coil structure of wool protein in a study directed to explaining details of the 
structure including the interaction energy between the two strands of the coiled-coil. The 
mathematical equations for an idealised coiled-coil derived by Crick14 were first used to 
generate all the atomic coordinates of the backbone atoms of a coiled-coil. These 
equations have been used by Parry15 to calculate the dihedral angles <1> and \jl of the 
backbone helical chains in the coiled coil. These values are the similar for each amino 
acid namely -52° ± 1° and -51° ± 1° respectively. However our investigation of the a-
helical motif region in the native crystal structures of Tropomyosin filaments, GCN4 
(Leucine Zipper) and ROP show the dihedral angles of the protein backbones have a 
distribution of values in the range -60° ± 30° and -40° ± 20° respectively?4 For this 
reason, we have chosen to generate only the ca coordinates using Crick's equations and 
the coordinates of the remaining atoms of the backbone are generated using a Monte 
Carlo (MCPB) method. In this way, the dihedral angles of the backbone show deviations 
in values similar to those observed in crystal structures. 
5.2. Computational methods and strategy 
5 .2.1. Generation of atomic coordinates 
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Our strategy for the generation of the model of the coiled-coil helical rod domain in 
wool protein has been to obtain the ca atoms of coiled-coil model using Crick's 
equations25 which are encapsulated in the program carb. The program reads the amino 
acid sequences26,27,28 of 7c and 8c-1 (Table 5.1) from the sequence files (seql.dat and 
seq2.dat) and the parameters (pitch, radius, phase angles etc.) and the lengths of linking 
segments (L1, L12 and L2) between two helical segments are defined in the carb.com 
file. 
Table 5 .1. The residue number in the segments of the rod domain of wool 
Segment Sequence Sequence Chain 8c-1 Sequence Sequence Chain 7c 
in wool in model Number in wool in model Number 
protein of residues protein of residues 
1A 56- 90 1- 35 35 110- 144 1 - 35 35 
L1 91 - 101 36- 46 11 145- 154 36- 45 10 
1B 102- 202 47- 147 101 155- 255 46- 146 101 
L12 203- 218 148 - 163 16 256- 272 147- 163 17 
2A 219 - 237 164- 182 19 273- 291 164- 182 19 
L2 238 - 245 183 - 190 8 292- 299 183 - 190 8 
2B 246- 366 191- 311 121 300- 420 191 - 311 121 
5 .2.1.1. Generation of ca coordinates of the helical segments 
Both chains in the rod domain of wool including the residues in the random 
segments (L1, L2 and L12) contain 622 residues. The residues from 1 to 55 of 8c-1 and 
1 to 109 of 7c and the residues after residue 366 of 8c-1 and after 420 of 7c are not in the 
rod domain. The coiled-coil chain of 8c-1 is from 56Lys to 366Leu and for 7c is from 
llOLys to 420Leu.26-28 In our model the first amino acid residue in the coiled-coil 
structure, namely llOK of chain 7c, is defined as residue 1. The generation of theca 
coordinates of the rod domain of wool was therefore commenced from residue 1 to 311 
for 7c and similarly for 8c-1. 
The ca coordinates of the helical segments were generated in the following order: 
1A (7c) I 1A (8c-l), 1B (7c) I 1B (8c-l), 2A (7c) I 2A (8c-l) and 2B (7c) I 2B (8c-1).2) 
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Crick's14 values of pitch and radius for keratin, namely 186 A and 5.5 A, were selected 
in the first instance. Fraser has suggested that the radii of the coiled-coil rod domain in 
wool protein is between 5.2 and 5.5 A.6 We varied the values of pitch and radii. A value 
of pitch of 200 A 29 and radii in the range of 4.8 to 5.5 A were found to be most 
satisfactory as starting values for generating the model of the rod domain and these 
values change on energy minimisation. 
5.2.1.2. Generation of ca coordinates of the linking segments 
After theca coordinates of the coiled-coil helical segments (lA, 1B, 2A and 2B) 
have been established, the random coil regions between two coiled-coil helices are 
generated (L1, L12 to L2). The linking segments are considered to be in a random coil 
motif.6 To meet the requirements for the length of the rod domain (470 A), the lengths of 
·the segments L1, L2 and L12 are first set proportional to the number of residues in each 
linkage region, namely to values of 15, 30 and 15 A and defined as such in the .com file. 
The first ca position of a linking segment is built from the last three ca atoms in the 
preceding coiled-coil segment.30 The distance between ca atoms is randomly selected 
from a value between 3.7 and 3.9 A, and the cai-1,cai,cai+1 angle from the range 90° 
to 140° and the torsional angle of four consecutive ca atoms from the range -180° to 
180°. 
After the generation of the last ca atom of the joining segment, four criteria are 
used to determine whether the coordinates of the linking region are accepted or discarded. 
The first criterion is the distance between the last ca atom of the joining segment and the 
first ca atom of the second helical segment. For the coordinates to be accepted, the 
distance between two consecutive ca atoms must be in the range 3.7- 3.9 A, the cai-
1 ,cai,cai+ 1 angle and the angle ·of the last ca atom of the joining segment and the first 
consecutive two ca atoms of the second helical segment must each be in the range 90 -
140°. The final criterion is that the distance between any two ca atoms in the joining 
segments must be at least 3.0 A apart to avoid the 'crash' of any two amino acid residues 
when the remaining atoms of the backbone or the side-chain are attached. If any of these 
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criteria are not met the joining segment is regenerated. Output of the calculated structure 
is in Macromodel format. 
5.2.1.3. Generation of the backbone atoms 
The MCPB method31 developed to generate the remaining atoms of the backbone 
from theca coordinates (see Chapter 3) was used to generate ten independent backbone 
models of the rod domain using different random seeds. These structures were averaged 
to give a mean backbone model of the coiled-coil which was not subject to energy 
minimisation at this stage. 
5.2.1.4. Generation of the side-chain conformations 
The MCPBA32 simulated annealing technique was used to generate the side-chain 
·conformations for the coiled-coil and the linking regions. Only vdW non-bonding energy 
interactions using the OPLS force field parameters33 are included in assessing energy 
during simulated annealing. For the generation of the side-chain ensemble of 
conformations the initial temperature for simulated annealing was set in the first instance 
at 1 ,500°C. Simulated annealing stops when one of three conditions are met; a maximum 
number of conformations are generated (20000), the ratio of the number of accepted 
conformations to the number of conformations generated is less than 0.2 or the number 
of conformations consecutively rejected (1 000) is met. In general, about four thousand 
conformations are generated, about five hundred conformations are accepted and three 
hundred of them collected in a .dat file. The collected conformations are averaged to 
generate a mean structure. 
5.2.2. Energy minimisation. 
Energy minimisation for each of the mean models with varying radii is carried out 
using Macromodel/Batchmin5K34 and the OPLS/Amber force field33 and GB/SA water 
model,35 The cut-off default distances for vdW and electrostatic interactions is 6.0 A and 
12.0 A respectively. The conjugate gradient method is used for energy minimisation36 
which is carried out without constraints on any of the atoms. The total number of non-
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hydrogen atoms in the coiled-coil and linking regions of the rod domain is 5061 which 
exceeds the maximum number of non hydrogen atoms (5000) allowed for energy 
minimisation in Macromodel/Batchmin5K. To ensure the coiled-coil segments of the rod 
domain can be minimised the side-chains (excluding CP atoms) of selected residues in the 
random segments; 40E in Ll, 152R in L12, 184R, 185R, 190W in L2 in the 8c-1, 38R, 
42E in Ll, 156K, 161R in L12, 184R, 190W in L2 in the chain 7c are removed and 
replaced by cP. This reduces the total number of non hydrogen atoms including capped 
groups (-NCH3) at C-terminal of each chain in the rod domain to 4994. These residues 
are expected to have little influence on the pitch or radius of the coiled-coil in the rod 
domain. 
The large number of residues in the coiled-coil rod domain still generates a problem 
during energy minimisation of the mean structures of the complete rod domain which can 
·not be directly performed even though the number of the atoms (4994) is less than 5000. 
The mean structures can have poor stereochemistry with some 30% of the bonds being 
shorter than normal resulting in the energy of the structure being so large as to overflow 
capacity of the Macromodel/Batchmin5K. To generate the final model of the wool protein 
four steps are carried out. The first step in the energy minimisation is directed to 
overcome the above problem. The structure is cut into seven pieces; lA, Ll, IB, L12, 
2A, L2 and 2B respectively by using the program divide and fifty iterations of energy 
minimisation for each piece are carried out to correct bond lengths and angles. The 
segments are rejoined by using the program combine. The second step, namely energy 
minimisation of the rod domain, is then carried out. After energy minimisation of each of 
the mean structures it was found that for some regions of the coiled-coil segments the 
heptad repeat was lost. The strategy developed to overcome this problem was to select 
and link segments from the different structures generated from models with differing 
initial radii which had retained the heptad repeat to produce a final model. To do this it 
was found necessary to again cut each of the minimised models of the rod domain into 
the four coiled-coil helical (IA, lB, 2A and 2B) and three link segments (Ll, L12 and 
L2). In the third step the four coiled-coil helical segments of the different models are 
separately minimised and the structures examined to find the segments where the heptad 
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repeats remain intact. The fourth step involves joining the segments of lowest 
conformational energy where the heptad repeat is intact. The final structure, formed in 
this way, was subjected to energy minimisation and in all instances studied this occurred 
without loss of the heptad repeats. 
5.2.3. Computer programs 
The helical parameters of the minor and major helices are calculated using the 
. I 
program axisc based on the algorithm developed by Kehn,37 and written in FORTRAN 
to read a file in Macromodel format (Appendix 2). The distribution of the charged amino 
acid residues for the rod domain of wool protein have been previously investigated by 
Parry and Fraser. 5 The distribution of the charged residues on Type I chain 8c-1 and 
Type II chain 7c are separately calculated for the model using the program mtranscoil. 
· The distribution of the dihedral angles in the model coiled-coil structure are calculated 
using the program tors. Over 88% of the residues in the rod domain of wool are 
considered to be in an a-helical motif.38 There are three main factors which determine 
conformation in fibrous proteins; the interaction between charged, apolar, polar and 
aromatic side-chains; hydrogen bonding interactions and disulfide bonding. These 
interactions were analysed using the program mtranscoil. The solvent accessible surfaces 
and volumes of the molecular models are calculated for the rod domain and for each of 
the four helical segments using the program Gepol. 39 
5.3. Results and discussion 
5. 3 .1. Determination of the heptad repeat of the coiled-coil helices 
The definition of the heptad repeat in coiled-coil proteins is important in defining 
inter chain interactions of the interlocking residues.40 The a and d positions of a heptad 
repeat are frequently occupied by apolar residues, especially leucines.40 For example, in 
both helical chains of the coiled-coil protein 2ZTA, the percentage of leucine residues at 
the d position is 67% (8/12). For Tropomyosin41 34% of the leucine residues are in the d 
position. The percentage of leucine residues occupying the a or d position in a heptad 
repeat can be used as a criterion to judge if the heptad is part of a coiled-coil structure. 
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We located the knob-hole heptad repeats in the coiled-coil rod domain in the 
following way. The phase angles <!>11 and <1>12 of theca atoms of the a-helical chains 
respectively were rotated through 360° with corresponding longitudinal movement of 
each ca atom. The knob-hole structures were investigated by analysis if the distance 
matrixes. The structure with the greater percentage of leucine residues occupying 







Figure 5.2 The heptad repeats of a coiled-coil 
A distance matrix is established between pairs of seven ca atoms in each a-helical 
chain for each relative orientation of the two chains. From this multitude of matrices, the 
residues represented by ca atoms located at the inter-face of the coiled-coil will have the 
shortest distances when located at the a and d positions in a knob-hole structure. The 
programme 'carb ' is used to analyse the matrices. If two closest residues in the same 
chain are separated by two positions the first residue is in the a position and the second 
residue in d. If the residues in the same chain are separated with three amino acid 
residues, the first residue is located in the d position and the second residue in the a 
position. If the two residues are not separated by 2 or 3 amino acid residues then they do 
not represent a heptad repeat. 
5.3.1.1. Location of the heptad repeats of 2ZT A. 
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As an example, a distance matrix of the ca atoms for the first heptad repeat in the 
X-ray structure of the protein 2ZTA is shown in the Table 5.2. The residues of the first 
chain are listed in the first row and the residues of the second chain in the first column. 
Table 5.2. The distance matrix (A) of ccx•s in the first heptad repeat of 2ZTA 
Residue 1R 2M 3K 4Q 5L 6E 7D 
1R 10.164 7.762 10.994 12.564 9.921 10.045 13.732 
2M 7.562 6.313 9.860 10.444 7.826 9.375 12.628 
3K 10.685 9.773 13.072 13.020 9.833 11.559 14.671 
4Q 12.631 10.554 13.322 13.597 9.979 10.556 13.850 
5L 10.139 7.963 10.117 10.075 6.339 6.924 10.054 
6E 10.338 9.527 11.744 10.530 6.956 9.140 11.411 
7D 13.979 12.744 14.890 13.892 10.138 11.471 13.778 
For the first seven amino acids of each chain, which have the same sequence, the 
shortest distance in the matrix is 6.313 A between the second residue (Met) of one helix 
and the second residue (Met) in the other helix. The second shortest distance is 6.339 A 
between the fifth residue (Leu) of one chain and the fifth residue (Leu) of the other chain. 
The second residue (Met) in the first chain has two residues between it and Leu so Met 
and Leu are in the a and d positions. In the second chain, the same situation occurs with 
2Met and 5Leu which are located at the a and d positions respectively. After the a and d 
positions in the first heptad repeat in each chain are defined the other residues in all 
positions for the coiled-coil follow. For 2ZTA with parallel identical chains, the residues 
in the a and d positions in the two helices are: 2M(a), 5L(d), 9V(a), 12L(d), 16N(a), 
19L(d), 23V(a), 26L(d), 30V(a).42 We subsequently generated some 250 different 
models of this protein by rotating and 250 by screwing both chains. The distance 
matrices obtained by rotating the two chains in each of these models with respect to each 
other were examined using the program carb. For the models obtained by a single 
rotation, the heptad repeat located by the method outlined above is the same as found in 
the X -ray structure. 
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5.3.1.2. Location of the heptad repeats in the rod domain 
The various possible heptad repeats of the residues in the rod domain are similarly 
found by rotating the two phase angles of the ca atoms in each chain as indicated above. 
The first chain is fixed and the second chain rotated in increments of 10°. After each 
rotation a matrix for the catca interchain distances is determined. The first chain is 
subsequently rotated by increments of 10° and for each rotamer the second chain is 
rotated in increments through 360°. This process is carried out for each of the four 
coiled-coil helical segments (1A, 1B, 2A and 2B) of the rod domain of wool protein. The 
matrix with the highest percentage of leucine residues occupying the a and d positions in 
each of the coiled-coil helical segments for the two chains is determined. For this 
structure, which is only one of 49 possibilities the phase angles which result in the most 
satisfactory interaction of heptad repeats are 150° (8c-1) and 150° (7 c) for segment 1 A, 
· 250° (8c-1) and 200° (7c) for segment 1B, 200° (8c-1), and 200° (7c) for segment 2A, 
and 150° (8c-1) and 250° (7 c) for segment 2B respectively. Various other structures will 
be generated for subsequent analysis, but are not included in this thesis. 
The percentage of leucine residues occupying the positions a and d in each of 
coiled-coil helical segments for the above structure are given for the four helical segments 
1A, 1B, 2A and 2B respectively in Table 5.3. The total number of leucine residues in the 
Table 5.3. The percentage of leucine in positions a and d of the heptad repeats. 
7c 8c-1 
Helical Segment Position a Position d Position a Position d 
lA 1/5 3/5 1/6 3/6 
1B 3/12 6/12 7/16 1/16 
2A 0/0 0/0 1/3 2/3 
2B 1/15 5115 5/15 6/18 
Overall 5/32 14/32 14/43 11/43 
coiled-coil helicals egments of the rod domain in the two chains is 75 (32 leucines in 
chain 7c and 43 leucines in chain 8c-1). In chain 7c, the percentage of leucines at position 
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a is 15.6% and at dis 44% and in chain 8c-1 the percentages of leucine in positions a and 
dare 33% and 28% respectively. There is no leucine residue in the helical segment 2A of 
chain 7c. The overall percentage of leucines occupying positions a and din the two 
chains, 7c and 8c-1, is 25.3% and 34.7% respectively. 
The sequences of the amino acid residues in the heptad repeats for this particular 
heptad repeat structure of the coiled-coil rod domain in wool protein are given in Table 
5 .4. A heptad repeat of the residues of a coiled-coil segment in chain 8c-1 was first 
published by Dowling et ai.43 and derived from the amino acid sequences of the chain 
8c-1 by preferential assignment of the non-polar residues to positions a and d. Our 
studies of the heptad repeats of residues in the helical segments 1A, 2A and 2B of the 
chain 8c-1 are consistent with Dowling' s43 report. However for segment 1B of chain 8c-
1, the heptad repeats in this structrue are different with the position a in our model being 
· position din Dowling's sequence. In Dowling's heptad repeat, the percentage of leucine 
in the a and d position in the segment lB of chain 8c-1 is 18% and 44% respectively 
while in our model the percentage of leucine in the a and d positions is 44% and 6% 
respectively. However for our model of segment lB of chain 7c, which Dowling43 did 
not take into consideration, 50% of the leucines are located at position d and 25% of 
leucines are in the position a. A 3D diagram and contour map showing the relative 
rotation of the axis of the two minor helices with the percentage of the leucine residues 
located at the a and d positions in the segment 1B is reported in Figure 5.3. In 
subsequent study the Dowling structure will be further investigated. 
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Table 5.4. Heptad repeats in the coiled-coil model 
Chain 8c-1 Chain 7c 
a b c d e f g a b c d e f g 
1 A 1 A 
K E T K E Q 
M Q F L N D R I K c L N N R 
L A s y L E K F A A F I D K 
v R Q L E R E v R F L E Q E 
N A E L E s R N K L L E T K 
I L E R L Q F F 
1 B 1 B 
y Q s E p L F E G y 
y F R T I E E I E T L R R E 
L Q Q K I L c A E c v E A D 
A K s E N A R s G R L s s E 
L v v Q I D N L N H v Q E v 
A K L A A D D L E G y K K K 
F R T K y E T y E Q E v A L 
E L G L R Q L R A T A E N E 
v E s D I D G F v A L K K D 
L R R I L D E v D c A y v R 
L T L c K s D K s D L E A N 
L E A Q v E s s E A L I Q E 
L K E E L I c I D F L R R L 
L K s N H E E y Q E E I R v 
E v N T L R s L Q A 
2 A 2 A 
D L N R v N M D c I 
L N E T R A Q v A E I K A Q 
y E A L v E T y D D I A s R 
2 B 2 B 
y I R Q y R s K c 
T E E L N K Q E E I K A T v 
v v s s s E Q I R H G E T L 
L Q s c Q T E R R T K E E I 
I I E L R R T N E L N R v I 
v N A L Q v E Q R L T A E v 
L Q A Q H N L E N A K c Q N 
R D s L E N T s K L E A A v 
L T E T E A R T Q A E Q Q G 
y s c Q L N Q E v A L N D A 
v Q s L I s N R c K L A G L 
v E s Q L A E E E A L Q K A 
I R G D L E R K Q D M A c L 
Q N Q E y Q v L K E y Q E v 
L L D v R A R M N s K L G L 
L E c E I N T D I E I A T y 
y R G L L D s R R L L E G E 
E D c K L E Q R L 
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Figure 5.3. A 3D diagram and contour map showing the relative rotation of the axis of 
the two minor helices as a function of the percentage of the leucine residues located at the 
a and d position in the segment lB. 
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The highest percentage of leucine in the a and d positions of the coiled-coil 
segments 1B of both the 8c-1 and 7 c chains is 61%. The structure is defined by the 
rotation angle for chain 7 c of 200° and for 8c-1 of 250°. This structure contains 36% of 
the leucines in the a position and 25% in the d position in both chains. There are 276 
residues in each of the parallel chains in the coiled-coil helical segments of the rod 
domain. The distribution of amino acid residues at the seven positions of the heptad is 
shown in Table 5.5. 
Table 5.5. The percentage of amino acid residues in the seven positions of the heptad. 
Amino Num* a b c d c f g 
Ala 43 0.093 0.093 0.279 0.093 0.186 0.209 0.047 
Arg 45 0.111 0.222 0.089 0.044 0.156 0.200 0.178 
Asn 30 0.100 0.233 0.033 0.100 0.200 0.200 0.133 
Asp 26 0.077 0.192 0.154 0.115 0.000 0.308 0.154 
Cys 15 0.000 0.067 0.400 0.133 0.133 0.067 0.200 
Gin 42 0.048 0.262 0.095 0.119 0.143 0.190 0.143 
Glu 81 0.099 0.185 0.123 0.099 0.160 0.173 0.160 
G1y 12 0.000 0.083 0.333 0.083 0.000 0.333 0.167 
His 4 0.000 0.000 0.500 0.000 0.500 0.000 0.000 
De 28 0.250 0.071 0.107 0.071 0.357 0.071 0.071 
Leu 75 0.253 0.040 0.107 0.347 0.133 0.013 0.107 
Lys 33 0.061 0.242 0.030 0.242 0.152 0.152 0.121 
Met 4 0.500 0.000 0.250 0.250 0.000 0.000 0.000 
Phe 11 0.273 0.091 0.364 0.273 0.000 0.000 0.000 
Pro 1 0.000 1.000 0.000 0.000 0.000 0.000 0.000 
Ser 28 0.107 0.071 0.357 0.036 0.143 0.143 0.143 
Thr 24 0.083 0.083 0.167 0.208 0.000 0.208 0.250 
Tyr 18 0.333 0.000 0.056 0.222 0.222 0.000 0.167 
Val 32 0.250 0.156 0.031 0.094 0.094 0.094 0.281 
Alanine prefers position c (27.9%) andf(20.9%). Arg prefers position b 22.2% 
and g 20.0%. Asn and the Asp residues favour positions band f. Cys is concentrated in 
position c (40%) andf(20%). Gin is favoured at b (26.2%) and g (19.0%). Glu is the 
most common residue (81) and is found in positions b, c, e, f, g with a frequency 
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between 10% to 20%. Gly is not found in positions a or e. A few glycine residues are in 
position d (8.3%), but it most commonly occurs at positions c (33.3%) andf(33.3%). 
There are only four histidine residues in the helical segments of wool; two occupy a c 
position and two a e position. Ile is favoured at positions a (25%) and e (35.7%). The 
percentage of leucine residues in position dis 34.7% and in position a is 25.3%. Lys 
residues prefers the band d positions, both have a occupancy of 24.2%. Met prefers 
positions a, c and d. There is only one proline residue and it occupies position b. Ser and 
Cys residues are preferentially located at position c with the same percentage occupancy 
(35.7%). Tyr is in positions a (33.3%), g (25.0%), d (20.8%) andf (20.8%). Valine 
residues are in positions a (25.0%), g (28.1 %) and d (9.4%). 
The percentage of non-polar (Ala, Gly, Ile, Leu, Met, Phe, Pro and Val), polar 
(Asn, Cys, Gln, His, Ser, Thr, and Tyr) and charged residues (Arg, Glu, Asp, and Lys) 
located in each of the heptad positions have been determined. There are 76 residues in a 
positions, 43 (56.6%) are non-polar residues, 16 (21.1%) are polar residues and 17 
(22.3%) are charged residues. In the b position, 21.8% of the residues are non-polar 
residues, 29.5% polar residues and 48.7% charged residues. In the c position, the 
percentage of non-polar, polar and charged residues are 41.3%, 35.0 and 23.7% 
respectively. In the d position, the percentage of non-polar, polar and charged residues 
are 49.4%, 24.7 and 25.9% respectively. In thee position, the percentage of non-polar, 
polar and charged residues are 38.8%, 30.0 and 31.2% respectively, in thefposition 
24.1 %, 30.4 and 45.5% respectively and in the g position 29.5%, 33.3 and 37.2% 
respectively. The non-polar residues prefer the a and d positions, the charged residues 
the b, f, g positions and the polar residues the c, e, f, g positions. 
5.3.2. Refinement of the models 
The series of models of the rod domain with different initial radii (4.8, 5.0, 5.2 
and 5.5 A), and a pitch of 200 A show that conformational energy is not particularly 
sensitive to the radius of the coiled coil (Table 5.6). 





























N 1 - the total number of conformation generated. N2 - the number of accepted 
conformations. E - the mean value of the energy of the accepted conformations, STD -
Standard deviation of the energy of accepted conformations. 
Before energy minimisation the model with an initial radius of 5.0 A results in an 
ensemble of structures generated by the MCPBA method which have the lowest average 
energy (E = 9488 kcal/mol). The model with an initial radius of 4.8 A results in an 
·ensemble of structures which have the highest mean energy (E = 9740 kcal/mol). The 
second lowest energy ensemble (model 3) had an initial radii of 5.2 A. The backbone 
structure of the coiled-coil is fixed during the simulated annealing procedure and 
therefore, the radius and pitch of the coiled-coil does not change. The mean structure of 
the ensembles is subjected to minimisation without fixing any atoms by the four step 
sequence outlined in the methods section. The models of the rod domain are each 
subjected to 3000 iterations of energy minimisation. The conformational energies of the 
mean minimised models are significantly different (step 2 methods section). The lowest 
energy structure ( -22490 kcal/mol) for the total rod domain for these models is where the 
initial radius was set at 5.0 A (model2) and this model is close in energy to model 3 with 
an initial radii of 5.2A. The difference between the lowest (-22490 kcal/mol) and the 
highest ( -22232 kcal/mol) conformation energy is about 258 kcal/mol, an average 
difference of 0.05 kcal/mol for each atom in the model of rod domain. 
The heptad repeats, radius and pitch and conformational energy of each minimised 
model are given in Table 5.7. The radii increase and the pitch is reduced by energy 
minimisation. The average pitch of the four models after minimisation is 188 A and the 
heptad repeat, defined by the criteria given in section 5.3.1, in models 1 and 4 do not 
131 
Chapter Five: Modelling studies of the coiled coil protein in wool 
change. In the model 2, the heptad repeat in segment lA is lost and in model 3, the 
heptad repeat of segment lB is lost. The heptad repeats in other segments do not change. 
Table 5.7. Radius and pitch of different models after energy minimisation. 
Before EM After EM 
Model aRadius A bRadius A cpitch A Energy kcal/mol 
1 4.80 5.69 176 -22232 
2 5.00 5.78 197 -22490 
3 5.20 5.90 184 -22459 
4 5.50 6.27 196 -22445 
In the next step (step 3 methods section) the helical coiled-coil segments lA, lB, 2A and 
. 2B of the four models were separated and separately minimised without constraints on 
any atoms for up to 1000 iterations. The link segments Ll, L12 and L2 are not at this 
stage further minimised. The conformation energy, the radii, pitch and the heptad repeats 
in each of four helical segments for each of the four models were determined (Table 5.8). 
Table 5.8. Energy minimisation of the four helical segments in models 1-4. 
Model 1A 1B 2A 2B 
1 aE -1748 -4838 -959 -5266 
(kcaVmol) 
br0 (A) 5.18 5.80 5.23 5.57 
cp (A) 174.7 203.2 152.1 190.7 
dHr t!retained retained retained retained 
2 aE -1498 -4945 -882 -5584 
(kcaVmol) 
bro (A) 5.43 6.24 5.46 5.63 
cp (A) 193.2 192.6 253.6 185.2 
dHr fchanged retained retained retained 
3 aE -1692 -4578 -877 -5512 
(kcal/mol) 
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bro (A) 5.39 5.76 5.88 5.67 
CP(A) 169.5 203.8 146.8 184.7 
dHr retained glost retained retained 
4 aE -1685 -4886 -883 -5521 
(kcal/mol) 
br0 (A) 6.58 6.56 5.16 5.83 
cp (A) 190.2 202.3 192.4 188.6 
dHr retained retained fchanged retained 
a Energy of each helical segment, b Radius of the coiled-coil segment, c Pitch of the 
coiled-coil segment, d Heptad repeat, e Retained heptad repeat, f Different heptad repeat 
after energy minimisation. g No heptad repeat after energy minimization. 
The lowest conformational energy of each of the four coiled-coil helical segments 
from each of the four models are: -1748 kcal/mol for 1A in the modell, -4945kcal/mol 
for lB in the model 2, -959 kcal/mol for 2A in the model 1 and -5584 kcal/mol for 2B in 
the model2 respectively. The heptad repeats of the residues in segment lA of model 2 
and segment 2A of model 4 were changed by minimisation and the heptad repeats of the 
residues in segment lB of model 3 were totally lost. The final coiled-coil model is 
assembled by combining the structural pieces of the rod domain selected from the helical 
segments which have the lowest conformational energy without a change in the heptad 
repeat from the initial structure (step 4; method section). The helical segments 1A and 2A 
in model 1 and the segments 1B and 2B in model 2 were selected for combination to give 
the final model of the rod domain. The link segments of L 1, L 12 and L2 of model 1 were 
selected to link the helical segments 1A, 1B, 2A and 2B respectively. The combined 
model was subjected to 300 energy minimisation iterations. The heptad repeat remained 
intact. The energy of the final structure of the coiled-coil rod domain was -22567 
kcal/mol. The heptad repeats, radius and the pitch in each of four helical segments in the 
rod domain of this model have been examined. 
5.3.3. Analysis of the model 
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The pictures of the full atom model of the rod domain, the ca coordinates of the 
rod domain and the helical segments 1A, 1B, 2A and 2B are given in the Appendix 3. 
5.3.3.1. Parameters in the coiled-coil rod domain 
a) Parameters of single a-helix. The parameters for the single helical strand 
within the four helical segments are given in Table 5.9. The average rise per residue is 
1.464 A, rotation angle per residue is 102.999°, the number of residues per turn is 3.524 
and the pitch is 5.171 A. In a single stranded straight a-helix44 these parameters are 1.50 
A for the rise per residue; 100° for the rotation angle of a residue; 3.6 for the number of 
residues per turn and 5.4 A for the pitch. 
Table 5.9. The average parameters of the a-helices in the final model of the rod domain. 




Segment (A) per turn (A) 
1A 1.450 102.755 3.513 5.129 
1B 1.487 103.595 3.506 5.231 
2A 1.458 102.726 3.523 5.157 
2B 1.462 102.920 3.521 5.167 
Average 1.464 102.999 3.524 5.171 
b) Parameters of the coiled-coil in the four segments. The coiled-coil results in 
distortion of the straight a-helix. The average value of the radius for the coiled-coil is 
5.56 A (Table 5.10) almost identical with the value of 5.5 A suggested by Crick14 and 
Fraser.45 The radius varies for the different helical segments within the range of 5.24 to 
5.92 A. The average value of pitch for the four helical segments is 172 A, lower than the 
value of 186 A suggested by Crick.l4 In our model the pitch for the different segments 
varies between 124 and 196 A. The crossing angles of the two coiled-coil chains in a 
final model are calculated according to the relation between the radius r0 , pitch P and the 
helical angle a as described by tana = 2nr0 /P such that the crossing angle is twice the 
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helical angle. The crossing angle varies for the different helical segments and has an 
average value of 23° (range 21 o to 30°) (Table 5.10). 
Table 5.1 0. The parameters of the four coiled-coil helical segments in the final model. 
Segment Radius Pitch Crossing Residues Minor turns Length 
(A) (A) angle per major per major turn (A) 
(0) turn 
lA 5.24 177 21.07 129.6 36.9 49.8 
lB 5.72 191 21.31 137.4 39.2 155.2 
2A 5.36 124 30.38 98.3 27.9 25.6 
2B 5.92 196 21.49 143.7 40.8 182.4 
Average 5.56 172 23.56 127.3 36.2 
The number of residues per major helical turn is calculated from the rise per 
residue in one minor turn (Table 5.9) and the pitch (Table 5.10). The average number of 
residues per major helical turn in the model is 127 close to that (126) suggested by 
Crick.14 The average value of the number of minor turns in a major coiled-coil turn is 
36. The total length of the helical segments in the rod domain, not including linking 
regions, is 413 A. This was measured using PCMODEL.46 The length of the rod domain 
including helical segments and the linking segments is 472.6 A close to the length (470 
A) previously suggested by Parry and Fraser.5 
5.3.3.2. The distribution of the residues 
(a) The distribution of the charged residues on the chains 8c-1 and 7c. 
The distribution of residues in the rod domain of chain 7c47 and 8c-148 of wool protein 
is given in Table 5.11.49 
Table 5.11. Distribution of non-polar, polar, acidic and basic residues in the rod domain. 
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Ne Non- Polar Charged+ Charged-
polar (Basic) (Acidic) 
Chain Seg. Na Nb NC Nd 
7c 1A 35 15 8 7 5 
1B 101 41 23 14 23 
2A 19 8 5 2 4 
2B 121 47 32 20 22 
linking 35 9 16 4 6 
Overall 311 120 84 47 60 
8c-1 1A 35 12 8 7 8 
1B 101 37 29 14 21 
2A 19 7 6 2 4 
2B 121 39 49 12 21 
linking 35 14 12 3 6 
Overall 311 109 104 38 60 
The number of residues in the helices: a non-polar, b polar, c positively charged 
residues, d negatively charged. e total number. 
There are 120 and 109 non-polar residues (39% and 35% of all residues) and 84 and 104 
polar residues (27% and 33% of all residues in rod domain) in chain 7c and 8c-1 
respectively. There are 47 (15.1%) positively charged residues (basic residues) in chain 
7c and 38 (12.2%) in chain 8c-l. The chain 7c is 'basic or neutral' relative to chain 8c-l. 
There are 60 (19%) negatively charged residues (acidic residues) in each of the chains Sc-
1 and 7c. 
The % distribution of the charged residues in each of the four helical segments in 
the two chains is given in Table 5.12. 
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Table 5.12. The% distribution of the charged residues in the four helical segments of the 































Segment lA has the highest percentage of the positively charged residues in the 
four segments and is 'basic' relative to the segment lB, 2A and 2B. 20% of the residues 
are positively charged in segment lA and 18.6% negatively charged. Segment lB has 
13.9% of the residues positively charged and 21.8% negatively charged. Thus segment 
lB is 'acidic' relative to the segment lA. In segment 2A, the positively charged residues 
make up only 10.5% and negatively charged residues 21.1 %. The segment is more 
'acidic' than segment lB. In segment 2B, the positively charged residues make up 
13.2% and negatively charged residues 17.8%. The segment is more 'basic' than 
segment lB and more 'acidic' than segment lA. 
(b) Core and exposed residues. 
If a charged residue (positive or negative) is located at either the a or d positions 
of the heptad repeat, the residue is said to be in the 'core' of the inter-chain or 'buried' 
and if located at other than an a or d position is exposed and can interact with solvent. 
The percentage of charged residues exposed will influence the surface area and 
conformation of the coiled-coil. In the four coiled-coil segments of wool protein, 
segment lA has only one charged residue (35R in chain 8c-1) which is in a d position 
and no charged residues in an a position. Thus 98% (69170) of the charged residues are 
exposed. In segment lB, 86% of the charged residues (124/144) are in other than a or d 
positions. In the segment 2A, all of the charged residues (30/30) are exposed. In segment 
2B, 69% (104/150) of the charged residues are located at other than a or d positions. 
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5.3.3.3. The distribution of the backbone dihedral angles 
The distribution of the backbone dihedral angles <I> and 'I' of the coiled-coil rod 
domain of the model of wool protein has been calculated using the program tors.24 In the 
coiled-coil model, the dihedral angles of the backbone are distorted from the values in a 
straight helical chain and for the four helical coiled-coil segments are shown in Figure 
5.4a. The mean value and standard deviation of the 552 dihedral angles, <1> and 'Jf, in the 
four helical segments of the coiled-coil model of rod domain is -60° ± 2T and -40° ± 25° 
respectively. However, 5.6% (31/552) of the values of <1> and 3.8% (23/552) of the 
values of 'I' deviate more than 3cr from the mean values. The total number of the residues 
in the linking segments is 70 with 35 per chain. The dihedral angles in the linking 
segments scatter in the range of -180° to 180° (Figure 5.4b) 
· (a) (b) 
Figure 5 .4. Distribution of the backbone dihedral angles in the (a) coiled coil and (b) 
linking segments of the rod domain. 
5.3.4. The inter-chain interaction energy of the rod domain 
The van der Waals and electrostatic interaction energy between the two coiled-coil 
chains of the model have been calculated using the program mtranscoil. The interaction 
energy terms take the form:SO 
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where Fij and Cij are the vdW energy parameters, rij is the distance between atoms i and 
j, 332.0 is a transform factor, qi and qj are partial charges on the atoms i andj, Dis a 
constant, generally taken as 2.0. In the program mtranscoil, EvdW and Eel non-
hydrogen energy parameters can be selected from one of three force fields: ECEPP/2, 
OPLS and AMBER as developed by Scheraga,51 Jorgensen33 and Kollman52 
respectively. In this study we used the parameters of the OPLS force field. The cut-off 
distance between a pair of atoms for the van der Waals potential and electrostatic 
interactions is set at 6.0 A and 8.0 A respectively. 
The EvdW and Eel energy of interaction of the side-chains and backbone atoms 
within the above criteria in the rod domain including coiled-coil and linking segments in 
the final model is calculated for 16616 interactions.The major contribution to the inter-
chain energy is from the electrostatic interactions. The inter-chain energy is calculated as 
-1554.1 kcal/mol in which the vdW energy is -51.1 kcal/mol and electrostatic energy is 
-1503.0 kcal/mol. The hydrogen bonds, disulfide bonds, non-polar interactions, polar 
and ionic interactions, heptad repeat interaction are also important and are discussed 
below. 
5.3.4.1. Hydrogen bonds 
a). Hydrogen bonds in the backbone of the coiled-coil rod domain. 
The geometrical parameters of a hydrogen bond are defined in Figure 5.5: 
\ 
,N-
,-~' , ' 
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Figure 5.5. The parameters defining a hydrogen bond. 
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For hydrogen bonds in crystal structures of proteins the distance between an acceptor 
atom (X) and a donor atom (Y) is in the range 2.89 to 3.5 A.s3,54,55,56 ·The angle a is 
in the range Oo to 50° and ~. which is formed by an amide plane containing backbone 
atoms cai, C'i, Oi and line Oi-Ni+4 is in the range 0° to 50°. For an a-helical structure 
the N ... O distance is 2.95 A, and a and~ have values of 18° and 27° respectively. 
Calculation of the energy of the hydrogen bond is based on the expression developed by 
Scheraga et al. 57 
E =A !r 12 _ B !r 10 H-B Y ... H Y ... H Y ... H Y ... H 
where AY ... H and BY ... H are parameters with a value of 12040 kcal A1 2/mol and 4014 
· kcal A1°/mol respectively51 and rY ... H is the distance between the hydrogen atom and the 
acceptor atom. Because the models are not generated with hydrogen atoms the distance 
rY ... H in the coiled-coil models can not be obtained directly. The angle of HYX (ro) has 
been reported to be in the range 0 to 20° in the hydrogen bonding models57 and analysis 
of crystal structures58 shows that the hydrogen atom of a hydrogen bond is close to the 
line between a donor and acceptor (Y ... X). To obtain a distance for rY ... H• the hydrogen 
atom is assumed to lie on this line. The value of the angle ro can not be obtained from the 
model which does not include hydrogen atoms but ro is not a variable in the hydrogen 
bond energy expression. 
For the purposes of comparison, we separately calculated the parameters of the 
hydrogen bonds in a straight standard helix59 before energy minimisation and in the 
coiled-coil helix before and after energy minimisation for a structure with 33 residues in 
each chain along with those for 2ZTA (Table 5.13). 
140 
Chapter Five: Modelling studies of the coiled coil protein in wool 
Table 5.13. The hydrogen bond energy and geometric parameters of a standard a-helix, 
a coiled-coil helic and 2ZTA as in the crystal structure. 
Geometry Straight helixa 2ZTA Coiled-coiJb Coiled-coiJC 
Y ... X (A) 2.85 3.03 2.91 3.24 
Angle a (0 ) 13.87 27.49 14.00 31.53 
Angle~ (0 ) 4.27 22.50 4.69 26.17 
EH-B (kcal/mol) -1.043 -0.787 -0.998 -0.557 
a Straight helix with the pitch 5.4 A, rotation angle 100 per residue, 3.6 residues per 
turn. b Coiled-coil before energy minimisation. c Coiled-coil after energy minimisation. 
The average Y ... X distance of a hydrogen bond in the coiled-coil before energy 
minimisation is 2.91 A and is somewhat longer than in a 'standard' straight chain helix 
(2.85 A). The average value of a (14°) in the coiled-coil is larger than in a straight helix 
(13°). The average energy of a hydrogen bond in the straight helix is -1.043 kcal/mol. 
For the coiled-coil structure, the average energy is -0.998 kcal/mol before energy 
minimisation. Energy minimisation of the coiled-coil results in distortion of the hydrogen 
bonds. The average Y ... X distance increases to 3.24 A and the angles a and p increase 
to 31° and 26° respectively from average values of 2.91 A, 14° and 4° respectively 
before energy minimisation. The average hydrogen bond energy decreases from -0.998 
kcal/mol before energy minimisation to -0.557 kcal/mol after energy minimisation. For 
the four coiled-coil helical segments of wool protein the angles a and p, the hydrogen 
bond length (Y ... X) and the energy of the hydrogen bonds do not differ significantly. 
A hydrogen bond in the coiled-coil backbone is formed between Oi and Ni+4 if 
the distance Y .. .X is less than 3.5 A. If Oi is in the a position of a heptad, the atom Ni+4 
will be in the e position of the same heptad. Thus the heptad positions which can form a 
hydrogen bond are a-e, b-f, c-g, d-a, e-b, f-c and g-d. The hydrogen bonds parameters 
between these heptad positions vary markedly and differ for 7c and 8c-1 (Table 5.14). 
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Table 5.14. The average geometry of the hydrogen bonds in the heptad repeats of the 
final model of the helical segments of the rod domain. 
Geometry Chain a-e b-f c-g d-a e-b fc g-d Avea 
y ... X 7c 3.22 3.28 3.26 3.21 3.24 3.27 3.18 3.24 
8c-1 3.22 3.26 3.22 3.22 3.24 3.22 3.18 3.22 
Angles a 7c 30° 31° 31° 31° 32° 33° 30° 31" 
8c-1 3P 33° 31° 33° 34° 31° 32° 32° 
Angle~ 7c 24° 27° 24° 25° 270 270 25° 25° 
8c-1 270 28° 25° 25° 29° 25° 26° 26° 
E(kcal/mol) 7c -0.560 -0.473 -0.499 -0.578 -0.538 -0.474 -0.630 -0.536 
8c-1 -0.567 -0.512 -0.565 -0.572 -0.530 -0.565 -0.635 -0.563 
The shortest Y ... X distance (3.18 A) is between the g-a positions. The 
distances of Y ... X in the positions a-e and d-a are 3.21 and 3.22 A respectively in 
chain 7c. The average value of the distance Y ... X is 3.22 A for both a-e and d-a 
hydrogen bonds in chain 8c-1. The lowest average energy of the hydrogen bond is 
-0.635 kcal/mol for gd hydrogen bonds in chain 8c-1. In chain 7c, the lowest hydrogen 
bond energy is -0.630 kcal/mol between g -d. The varying values of a and~ reflect the 
distortion of the coiled-coil. The hydrogen bonds in the coiled-coil are most distorted for 
the interactions of b-f and e-b positions in both chains. 
Hydrogen bonds also form between the backbone and a side-chain and between 
backbone and solvent and side-chain and solvent. We have not included solvent in the 
calculation of the inter-chain interactions in our model. For the potential hydrogen bonds 
of the backbone atoms between residues four apart the distance between the nitrogen of 
the NH donor and the oxygen of the acceptor is in the range 2.7 to 7.0 A. If the distance 
between a donor and acceptor is larger than 3.5 A, the hydrogen bond is considered to be 
deformed55 and is not computed in the energy calculation. For chain 7c, the longest 
distance of Y ... X (6.76 A) is between 143Val and 147Asn. In the chain 8c-1, the 
longest distance is 7.66 A between 47Tyr and 51Phe. Thirty-seven (14%) hydrogen 
bonds are longer than 3.5 A in chain 7c and 61 (23%) in chain 8c-1. 
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The hydrogen bonds of chain Sc-I are more distorted than for chain 7c. The 
average values of the angles a and pin chain Sc-I are larger than in chain 7c. In chain 
Sc-I the average Y ... X distance is 3.223 A and the average energy of the hydrogen bond 
is -0.564 kcal/mol, somewhat less than the corresponding values (3.237 A and -0.536 
kcal/mol) in chain 7c. The total hydrogen bonding energy of the backbone in the rod 
domain is -231.7 kcal/mol ( -119.5 kcal/mol in chain 7c and -112.2 kcal!mol in chain Sc-
1). 
Table 5.15. The potential hydrogen bonds found in the backbone atoms of the coiled-coil 
rod domain. 
Chain Number of Deformed Y ... x E (kcal/mol) 
H-B's (%) Distance 
7c 260 14% 3.237 31° 25.6° -0.536 
8c-1 260 23% 3.223 32° 26.4° -0.564 
The hydrogen bonds in the linking segments LI, LI2 and L2 are included. 
b). Hydrogen bonds between the protein side-chains. 
Hydrogen bonds between protein side-chains are important in defining packing 
and folding.60,61 The distance between the side-chains of the donor (Y) and acceptor (X) 
(Y ... X) range from 2.5 to 3.5 A in fifty protein high resolution crystal structures56 and 
similarly for the side-chains in the inter-chain region of the coiled-coil. In the final model 
of the rod domain of wool protein there are 35 potential interchain hydrogen bonds 
between the side-chains of Sc-I and 7c. The hydrogen bonds with a Y ... X distance 
<3.0 A are reported in Table 5.I6. 
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Table 5.16. The strongest inter-chain hydrogen bonds in the coiled-coil rod domain. 
Nt N1 Rl HptJ Atm1 Atm2 Hpt2 R2 N2 Distance Energy 
(A) kcal/mol 
36 Q I OE1 NE d R 35 2.93052 -1.08958 
2 36 Q I OE1 NH1 d R 35 2.97787 -1.02193 
3 36 Q I OE1 NH2 d R 35 2.87187 -1.09405 
4 294 D a OD1 NH1 g R 292 2.95478 -1.05951 
5 294 D a ODl NH2 g R 292 2.94119 -1.07774 
Note: Nt is the number of inter-chain hydrogen bonds. N 1 is the sequence number of 
residue in chain 1 (7c). R1 is the residue in chain 7c. Hpt1 is the heptad repeat position of 
the residues of chain 7c. Atm1 -the atom name in the residue of chain 7c. Atm2- the 
atom name in the residues of the chain 8c-1. Hpt2 is the heptad repeat position of the 
. residues in the chain 8c-1. R2 is the residues in chain 8c-1. N2 is the sequence number of 
the residues in chain 8c-1. The nomenclature and the symbol of the atoms in an amino 
acid residue is based on system used in the PDB file. The sequence number in the coiled-
coil rod domain is from 1 to 311 for each chain. 
The strongest hydrogen bonds between side-chains are formed between glutamine 
(Q) and arginine (R), and between aspartic acid (D) and arginine (R). There are three 
hydrogen bonds between the side-chain of residue 36Q of chain 7c and residue 35R of 
chain 8c-l. The residue 36Q is in the L1 region and residue 35R is the last residue of the 
helical segment 1A and is in the d position of the heptad repeat. The oxygen atom OE1 of 
the amino group of the glutamine side-chain forms three hydrogen bonds with nitrogen 
atoms NE, NH1 and NH2 of the arginine side-chain. Two hydrogen bonds occur 
between the side-chain of residue 294D of chain 7c and residue 292R of chain 8c-1. 
Oxygen atoms of the carbonyl group of the aspartic acid side-chain form two hydrogen 
bonds with the nitrogen atoms, NH1 and NH2, in the arginine side-chain. These 
hydrogen bonding interactions occur between the positions a and d of the heptad repeat. 
The stereochemistry of the hydrogen bonds formed between 36Q and 35R, and between 
294D and 292R are shown in Figure 5.6. 
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a b 
Figure 5.6. Stereochemistry of hydrogen bonding. (a) between residue 36Q in chain 7c 
and residue 35R in chain Sc-1. The residue 36Q in chain 7c is in the linking segment L1 
and not in a heptad repeat. 35R is in ad position of a heptad repeat. (b) between residue 
294D in chain 7c and 292R in chain Sc-1. The residue 294D is in the a position and 
residue 292R in the d position of the heptad repeat. 
Hydrogen bonding energy between side-chains is small in comparison with the 
total interaction energy between side-chains. The total energy of the hydrogen bonds 
between the side-chains of the coiled-coil rod domain is calculated as -20.0 kcal/mol, 
while the total interaction energy between the side-chains in the coiled-coil segments is 
-1554 kcal/mol. There are thirty-one potential hydrogen bonds in the four helical 
segments of the coiled-coil rod domain of wool protein. A further four hydrogen bonds 
are located in the linking regions between the helical segments. The hydrogen bond 
energy of the side-chains between two helical chains is -15.97 kcal/mol in the four helical 
segments and -4 kcal/mol in the linking segments. The hydrogen bond energies between 
the side-chains in the four helical segments of the rod domain of wool are reported in 
Table 5.17. 
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5.3.4.2 Disulfide bonds in the coiled-coil rod domain. 
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Cysteine residues are unique in that they are capable of forming covalent disulfide 
linkages within or between polypeptide chains. Fraser et al62 have investigated the 
distribution of disulfide bonds in a-keratin and concluded that there were no disulfide 
bonds between the chains of the coiled-coil. It is known that there are disulfide bonds 
between pairs of coiled-coil structures giving rise to the tetrameric structures. The nature 
of the disulfide linkages found in globular proteins has been discussed by Scheraga et 
al. 50 and experimental values63 of bond lengths, bond angles, and the distance between 
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Figure 5.7. Experimental parameters of a disulfide bond. 
The sequences26,28 including N-and C-termini of components 7c and 8c-1 of the rod 
domain contain 56 cysteine residues. There are 8 cysteine residues in both theN-terminal 
domain and the rod domain and 9 in C-terminal domain of chain 8c-l. There are 10 
cysteine residues in both theN-terminal and the rod domain and 11 in the C-terminal of 
chain 7c (Table 5.18). 
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Table 5.18. Number and locations of cysteine residues in the coiled-coil rod domain of 
7c and 8c-l. 
Protein Total Residue Number in rod domain (from 1 to 311 in each chain) 
Chain Number 1A L1 1B L12 2A L2 2B 
7c 10 6(c) 40, 41 62(c), 112(c) 167(j) 195(j), 235(g), 
260(e), 278(b) 
8c-l 8 44 63(g), 116(d), 212(d), 253(c), 
133(g) 295(c), 309(c) 
The distance between the C~ atoms of two proximate cysteines is used as a criterion to 
define a disulfide bond such that if the distance is less than 4.0 A a disulfide bond can 
exist. In the coiled-coil rod domain of wool protein, the possibility for intra-chain 
disulfide bond formation is limited since the formation of such bonds requires the 
cysteine residues to be in a-a or d-d positions of the heptad repeats.64 In the final model 
no two cysteine residues in the rod domain of wool meet this requirement, consistent 
with Fraser's64 prediction. The shortest distance between two CP's of cysteine residues 
in the rod domain of the model is 4.44 A and this occurs in the segment lB between the 
cysteine residue 62( c) in chain 7 c and the cysteine residue 63 (g) in chain 8c-l. These 
residues therefore do not form a disulfide linkage. The distances between other pairs of 
cysteine residues in chain 7c and 8c-l are all greater than 5.0 A, too far removed to form 
a disulfide bond. 
5.3.4.3. Non-polar residue interactions of the rod domain. 
It is generally accepted that the principal driving force in protein folding is the 
hydrophobic vdW interaction between non-polar side-chains.65,66,67 Recently, Murphy 
et al.68 have suggested that this effect is in fact destabilizing. We have calculated the vdW 
inter-chain interactions of the non-polar residues Gly, Ala, Val, Leu, Ile, Pro, Phe and 
Met. in our model to see if these interactions are stabilising or destabilising. Aromatic-
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aromatic interactions are not included and are considered separately as are interactions of 
non-polar and polar residues, and non-polar and ionic residues. 
i. Interactions between non-polar residues and non-polar residues. 
In the final model a total of 2742 pairs of non-polar-non polar interactions 
aromatic were found in the interface of the coiled-coil chains and linking segments in the 
rod domain. The interaction energy is 5.12 kcal/mol, made up from a vdW energy of 
-5.82kcal/mol and an electrostatic energy of 10.94 kcal/mol. Only one interaction, 
namely between 262L of chain 7c and 261L of chain 8c-1,was within 3.5 A. The non-
polar - non-polar interactions excluding aromatic - aromatic interactions are therefore 
somewhat destabilizing. 
ii. Interaction between non-polar residues and polar residues. 
A total of 2398 interactions of non-polar and polar residues occur in the coiled-
coil and linking segments of the rod domain. The interchain interactions are most 
common between a and d and g and d positions in the 7c and 8c-1 chains. Interactions 
with a distance less than 3.5 A are shown in Table 5.19. The energy of these all 
interactions is -161.2 kcal/mol. The vdW interaction is -5.7 kcal/mol and the electrostatic 
interactions -155.5 kcal/mol. The interaction energy between non-polar and polar 
residues is greater than between non-polar and non-polar residues. 
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Table 5.19. The interaction between non-polar and polar residues in the rod domain. 
Nt NJ R1 HptJ Atm1 Atm2 Hpt2 R2 N2 Distance 
1 25 N a ND2 CDl d L 28 3.47996 
2 136 L g c ODI d N 137 3.44610 
3 136 L g 0 ODl d N 137 3.48644 
4 136 L g 0 ND2 d N 137 3.47509 
5 220 N d ODI CD1 d L 219 3.40438 
6 230 v g 0 NE2 d Q 233 3.46738 
7 238 s a 0 CD2 d L 240 3.35432 
8 276 M d 0 NE2 a Q 279 3.28469 
9 276 M d CG NE2 a Q 279 3.49160 
10 280 L a CD2 OE1 a Q 279 3.48652 
iii. Interaction between non-polar and ionic residues. 
A total of 3502 interactions between non-polar and ionic residues in the rod 
domain have been evaluated. The total interaction energy is -342.7 kcal/mol. The vdW 
interaction energy is -5.8 kcal/mol and the electrostatic interaction -337.1 kcal/mol. There 
are four interactions with a contact distance of less than 3.5 A. Three are between the 
non-polar residue 276M in chain 7c and the charged residue 275D in chain 8c-1. Both 
residues 276M and 275D are in d positions. The fourth interaction occurs between the 
charged residue 266E in chain 7 c and non-polar residue 265V in chain 8c-1. The distance 
between the oxygen atom of the carbonyl in glutamic acid (E) and the nitrogen of the 
backbone of valine (V) is 3.39A. 
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5.3.4.4. Polar residue interactions in the rod domain. 
The interactions of polar with polar and polar with ionic residues are considered 
separately. 
i. Interactions between polar with polar residues 
The polar residues, Asn, Gln, Cys, Thr, Ser, Tyr, and Trp of the rod domain of 
wool give rise to 575 interactions. The inter-chain interaction energy of the polar residues 
Tyr and Trp are calculated separately. The total energy of the polar-polar interactions in 
the rod domain including linking segments is -73.8 kcal/mol made up of a vdW energy of 
-3.2 kcal/mol and an electrostatic energy of -70.6 kcal/mol. The interaction of the polar 
residues with separations of less than 3.5 A are listed in Table 5.21. 25N in chain 7c can 
interact with 25N in segment 1A of chain 8c-1. These residues are in the a position of the 
heptad repeat. There is a polar interaction between residue 152S and residue 148Q in the 
link segment L12. A similar interaction in the 2B segment occurs between residues 235C 
and 233Q. Residue C is in the e position and Q in the d position of the heptad repeat. 
Table 5.21. Major interactions between polar- polar residues. 
Nt N1 Rl Hpt1 Atm1 Atm2 Hpt2 R2 N2 Distance 
(A) 
1 25 N a OD1 CA a N 25 3.28085 
2 25 N a OD1 CB a N 25 3.23534 
3 25 N a OD1 ND2 a N 25 3.12417 
4 152 s I OG NE2 I Q 148 3.11560 
5 235 c e N OE1 d Q 233 3.09654 
ii. Interaction between polar and ionic residues . 
There are 1789 interactions between polar and ionic residues in the rod domain 
resulting in an interaction energy of -358.8 kcal/mol of which the vdW contribution is 
-11.0 kcal/mol and the electrostatic interaction -347.8 kcal/mol. The residues within 3.5 
A are listed in Table 5.22. 
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Table 5.22. Interactions between polar and ionic residues in the rod domain. 
Nt Nr Rr Hptr Atmr Atm2 Hpt2 R2 N2 Distance 
(A) 
25 N a ND2 OE2 g E 24 3.27672 
2 36 E I OE2 N I s 36 3.18808 
3 36 E I OE2 CB I s 36 3.34247 
4 140 E d OEl CA d N 137 3.20767 
5 140 E d OEl CG d N 137 3.22405 
6 173 K a CD OGI d T 172 3.48850 
7 231 E a CA NE2 d Q 233 3.40742 
8 231 E a OE2 CD d Q 233 3.37790 
9 234 K d CB OE1 d Q 233 3.40894 
10 252 E a OE2 CB d Q 254 3.38006 
11 259 R a CD 0 g Q 257 2.89585 
12 259 R a NE 0 g Q 257 3.43298 
13 259 R a NE OE1 g Q 257 3.38831 
14 259 R a cz OE1 g Q 257 2.89565 
15 259 R a NH1 OE1 g Q 257 3.17529 
16 266 E a CA OE1 d Q 268 3.40585 
17 266 E a CB OE1 d Q 268 3.47675 
18 266 E a CG OE1 d Q 268 3.40903 
19 266 E a OE1 c g N 264 3.34624 
20 266 E a OE1 CB g N 264 3.33242 
21 266 E a OE1 CG g N 264 3.33537 
This class of interactions also includes hydrogen bonds between the polar side-chain and 
the backbone. There are 14 hydrogen bonds between polar residue side-chains and ionic 
residues. Hydrogen bonds can also form between the nitrogen atom of the side-chain of 
residue 259R and the oxygen atom of side-chain 257Q. The stereochemistry of the 
interaction between residue 259R in chain 7c and 257Q in 8c-l and between 25N in 7c 
and 24E in 8c-l is shown in Figure 5.8. 
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(a) (b) 
Figure 8. Stereochemistry of the strongest interactions between polar-ionic residues. (a) 
between residues 259R in chain 7c and 257Q in chain 8c-1. 259R is in the a position and 
the residue 257Q is in the g position. Three nitrogen atoms of arginine residue in the a 
position can interact with the oxygen of glutamine residue in the g position. (b) between 
residues 25N in 7c and 24 E in 8c-1. The residue 25N is in the a position and 24E is in 
the g position. The interaction distance between the nitrogen atom of the side-chain of 
25N and the oxygen atom of side-chain of 24E is 3.27 A. The residue 25N in a a 
position of 7c is also in close contact with 28L in ad position in 8c-1 and 25N of the a 
position in 8c-1 (see Tables 5.19 and 5.21). 
5.3.4.5. Ionic interactions in the rod domain. 
Charged side-chains have an important role in stabilising a-helices69,70 and have 
been postulated to be important in determining alignment in fibrous proteins.71 The 
charged residues occupy b, c, g, f positions in the heptad repeat. In our model, there are 
1705 interchain interactions within the cut off criteria between the ionic-ionic residues in 
the coiled-coil rod domain and these interactions contribute -302.1 kcal/mol of interaction 
energy. The ionic-ionic interactions where the distance is less than 3.5 A are reported in 
Table 5.23. 
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Table 5.23. Ionic interaction between two coiled-coil chains. 
Nt Nt Rt Hpt1 Atm1 Atm2 Hpt2 R2 N2 Distance 
(A) 
1 36 E I OE1 CD d R 35 3.39688 
2 36 E I OE1 cz d R 35 2.57123 
3 36 E I OE2 c d R 35 3.43027 
4 36 E I OE1 NH1 d R 35 2.97787 
5 36 E I OE1 NH2 d R 35 2.87187 
6 140 E d CA OE2 a E 141 3.25360 
7 173 K a NZ CA e R 173 3.38984 
8 241 E d OE2 CD a R 237 3.31540 
9 252 E a OE1 c g R 250 3.45397 
10 294 D a OD1 NE g R 292 3.04618 
11 294 D a OD1 NH1 g R 292 2.95478 
12 294 D a ODl NH2 g R 292 2.94119 
13 294 D a CG NE g R 292 3.49290 
14 294 D a CG cz g R 292 3.46376 
15 294 D a OD1 cz g R 292 2.63495 
16 308 E a OEl CA a E 307 3.29197 
There are nine hydrogen bonds between the ionic side-chains in the rod domain 
where the distance between aN atom and a 0 atom is less than 3.5 A. The interactions of 
ionic residues between the two charged atoms can form a ionic salt. This type of the 
interaction is not as strong as the interaction between a polar residue and an ionic residue. 
5.3.4.6. Interaction involving aromatic residues 
Aromatic 1t-1t interactions are important in molecular recognition 72 and play an 
important role in controlling the conformation and substrate binding properties of nucleic 
acids and proteins73,74 and are separately considered as a special group in our modei.75 
along with the interaction energy between aromatic-aromatic and aromatic-non-aromatic 
residues. In the rod domain, there are 4128 interchain interactions between the aromatic 
and aromatic residues and non-aromatic residues in the coiled-coil rod domain. The total 
energy of these interactions is -255.3 kcal/mol of which the vdW energy is -8.9 kcal/mol 
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and the electrostatic energy -246.3 kcal/mol. The aromatic-aromatic and aromatic-non 
aromatic interactions where the contact distance between interacting atoms is less than 
3.5 A are listed in Table 5.24. The sum of non polar - non polar interactions when 
aromatic-aromatic interactions are included is stabilising. 
Table 5.24. Inter-chain interactions involving aromatic residues 
Nt N1 R1 Hptl Atm1 Atm2 Hpt2 R2 N2 Distance 
(A) 
15 I e CA CD2 d y 14 3.34871 
2 15 I e CB CD2 d y 14 3.39504 
3 52 y g CD2 0 d T 53 3.25325 
4 84 y d CD2 0 a F 85 3.18365 
5 88 y a CA OE1 a E 92 3.35934 
6 88 y a CD2 OG1 g T 91 3.21271 
7 137 y a CA OD1 d N 137 3.43131 
8 137 y a CG OD1 d N 137 3.28015 
9 137 y a CD2 OD1 d N 137 3.31941 
10 137 y a CD2 0 g c 133 3.27815 
11 137 y a CD2 SG g c 133 3.42944 
12 176 y d 0 CE1 a y 176 3.30057 
13 248 E d 0 CE1 a y 251 3.38592 
14 252 E a OE1 CA a y 251 3.48407 
15 252 E a OE2 CA a y 251 3.47875 
16 283 y d 0 CD1 a L 286 3.44218 
17 283 y d CB OE2 d E 282 3.49433 
18 283 y d cz OE1 a Q 279 3.44197 
The number of aromatic residues in the helical segment of the rod domain is 33 
and 16 (6 Phe and 10 Tyr) are located at a or d positions. Of the remaining 17 aromatic 
residues, four histidine residues in the rod domain are located at position 137H(e) and 
234H(e) in chain 8c1 and the 76H(c) and 205H(c) in chain 7c. A few aromatic residues 
are located in b and g positions. No aromatic residues are in the f position of the heptad 
repeat (Table 5.5). Most of the interactions involving aromatic residues occur between 
residues in a, d, e and g positions (Table 5.24). In the model, the seven tryptophan (Trp, 
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W) residues in the linkage segments were replaced by alanine residues to bring the atomic 
number of the rod domain to less than 5000, a requirement of Macromodel. This will 
limit the accuracy of the model of the linking region but is not expected to have a 
significant influence in the helical segments. 
5.3.5. The interaction energy of the different type of the interaction 
The interaction energy between the two chains in the coiled-coil rod domain is a 
stabilising interaction and different components to this energy are given in Table 5.25. 
Table 5.25. The contribution of the various types of interactions of the side chains to the 
stabilisation energy of the rod domain. 
Interaction type Interactions Contribution Energy Contribution aEp 
(%) (kcal/mol) (%) 
Hydrogen bonding 35 0.2 -20 1.3 -0.57 
Aromatic residues 4128 24.5 -255 16.8 -0.06 
Nonpolar-nonpolar 2742 16.2 5 -0.3 0.002 
Nonpolar-polar 2398 14.2 -161 10.6 -0.07 
Nonpolar-ionic 3502 20.7 -343 22.6 -0.10 
Polar-polar 575 3.4 -74 4.9 -0.13 
Polar-ionic 1789 10.6 -359 23.7 -0.20 
Ionic-ionic 1705 10.1 -302 19.1 -0.17 
a average energy (kcal/mol) per interaction. 
The most important interaction ( -359 kcal/mol) occurs between polar residues and 
ionic residues and contributes 23.7% to the total interaction energy. The next most 
important interaction is between non-polar residues and ionic residues (22.6% ). The 
interaction between ionic residues and ionic residues contributes 19.1% to the total 
interaction energy. Aromatic-aromatic interactions contribute 16.8% and polar-polar 
interactions 4.9%. Hydrogen bonding interactions between the side-chains contribute 
<2% to the interaction energy. The interaction energy between non-polar and non-polar 
residues has a negative contribution ( -0.3%) to the total interaction energy. Aromatic 
residues are associated with 24.5% of the interactions. Non-polar-ionic interactions are 
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20.7% of the total numer of interactions. The interactions of ionic residues (ionic-
nonpolar, ionic-polar and ionic-ionic residues) contribute 40% to the total number of 
interactions. The interaction energy involved with ionic residues is ca. 70% of the total 
for the coiled-coil rod domain. The interaction energy involved in polar residues (polar-
polar, polar-nonpolar and polar-ionic residues) is 39%. The number of such interactions 
is about 18% of all interactions. This type of interaction is not as strong as interactions 
involving ionic residues. The interaction energy involving non-polar residues (nonpolar-
nonpolar, nonpolar-polar, and non-polar-ionic residues) contribute 32% of the interaction 
energy. Interactions involving non-polar residues between two chains made up 51% of 
the total number of interactions. 
While it is reasonable that most of the non-polar residues are located in the core or 
inter-face between the coiled-coils the interaction energy associated with these 
interactions is not large compared with other types of interactions. Excluding aromatic-
aromatic interactions the non-polar non-polar interactions are somewhat destabilising. 
Some 16% ( -255 kcal/mol) of the interaction energy is from interactions involving the 
aromatic residues. There are 4128 such interactions or 25% of the total number of 
interactions. The greatest number of interactions involving aromatic residues involve 
interactions with the non-aromatic residues. There are 839 aromatic-aromatic interactions 
corresponding to an interaction energy of -47.4 kcal/mol. The total interaction involving 
aromatic residues is less than the interaction energy involved with ionic residues but 
greater than the interaction energy associated with non-polar residues. 
The interaction energy of the different types of interactions are shown as energy 
per interaction in Table 5.25. The strongest interaction is hydrogen bonding, ( -0.57 
kcal/mol per interaction). The interaction energy between polar residues and ionic 
residues is -0.20 kcal/mol per interaction. The ionic-ionic interactions have an energy of 
-0.17 kcal/mol and the average polar-polar interaction is -0.13 kcal/mol. The average 
aromatic-aromatic interaction energy is -0.06 kcal/mol. The interaction energy associated 
with ionic residues or with hydrogen bonding is greater than other interactions. From the 
calculation of inter-chain interactions, we conclude that the major interaction in the coiled-
coil rod domain in wool protein is from charged residues. The aromatic-aromatic 
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interactions and polar-polar interactions also have an important role in establishing the 
stability of the coiled-coil structure. Hydrogen bonding interactions are strong, but the 
number of these interactions is low. The interactions between non-polar and non-polar 
residues have the greatest influence in destabilizing the coiled-coil conformation. 
5.3.6. The interaction energy of the various heptad position 
Most non-polar residues are located in the a and d position in the core or inter-face 
of the two coiled-coil chains resulting in the so called 'hole' and 'knob' interaction.l4 
The residue at the a position of the ith heptad repeat of one chain can interact with the 
residues in the (i-l)d, (i-l)g, (i)a, and (i)d positions of other chain. The residue in the 
(i)d position of one chain can interact with the residues in the (i)a, (i)d, (i)e and (i+ l)a 
positions of other chain? (Figure 5.9). 
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Residues (represented by Ccx atoms) in the second chain 
Residues (represented by Ca atoms) at the front 
0 Residues (represented by Ca atoms) at the back 
...., Represents interactions between residues 
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Figure 5.9. The interactions between the heptad positions of the two helices in a coiled-
coil structure. 
The energy of interaction between the various positions of the heptad for the rod domain 
of wool including the linking segment are given in Table 5.26. Heptad positions are only 
defined in the helical segments. The linking segments (Ll, L12 and L2) have no heptad 
definition although they contribute to the energy of interaction between the two chains. 
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Table 5.26. Interaction energy in each of the coiled coil heptad repeat positions. 
Chain 7c 
Be-l a b c d e f g linkage 
a 1491/- 97/-38 148/-84 1805/-187 298/-29 911-27 1090/-113 115 
131 
b 89/-38 0/0 0/0 280/-48 6/10 0/0 49/7 0/0 
c 249/-56 0/0 0/0 154/-29 0/0 0/0 0/0 0/0 
d 2398/- 195/-44 182/13 1952/-157 948/-22 108/-23 555/-61 57/2 
161 
e 349/-25 0/0 5/-9 738/56 23/41 2/9 246/19 0/0 
f 118/-45 0/0 010 87/-7 0/0 0/0 3/9 0/0 
g 1062/- 19/19 7/-1 632/-66 255/-12 6/8 62/-3 0/0 
116 
linkage 40/-5 13/-23 18/-7 134/-31 136/-2 33/-4 9/-1 375/-37 
Energy in kcal/mol. linkage - the interaction between linking segments. The heptad 
repeats in the linking segments have no definition. 
The major interactions contributing to the interaction energy of the two coiled-coil chains 
is from a-a (-131 kcal/mol), a-d (-187kcal/mol), d-a (-161kcal/mol) and d-d (-
157kca!mol) positions of 7 c and 8c-1. The total interaction energy associated with a and 
d interactions is -636kcal/mol or some 41% of the total interaction energy between the 
chains. The interactions involving g positions are the next most important ( -356kcal/mol 
or 23% of the total interaction energy) reflecting the proximate position of g residues to a. 
The interaction energy between a-b, a-e, a-e, and a-f of the two chains is stabilising 
-342kcal/mol but not as large as between the positions a and d. The interaction energy 
between positions d-b, d-e, d-e and d-fin both chains is stabilising (-104kcal/mol). The 
interaction energy between the a-a, a-d, d-a and d-d positions are the most important for 
inter-chain stabilisation. There are no interactions within the cut-off criteria between b-b, 
b-e, b-J, e-b, e-e, e-e, e-J, e-g, e-b, f-b, f-e, f-e and f-f positions and the interaction 
energy between these positions is therefore taken as zero. There are destabilising 
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interactions between the b-e (I Okcal/mol), b-g (7kcal/mol), d-e (I 3kcal/mol), e-d 
(56kcal/mol), e-e (41kcallmol), e-j(9kcal/mol), e-g (19kcal/mol),j-g (9kcal/mol), g-b 




Figure 5.11. 30 surface of atom pairs of interaction vs the heptad position of the two 
coiled-coil chains. 
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(19kcal/mol) and g-f (8kcal/mol). The interaction energy between heptad residues of 
linking segments within the cut-off criteria is small (6.5% of the total interaction energy). 
Interaction between the a-a, a-d, d-a and d-d positions of the heptads are the most 
important. Interaction between the a-a (1491), a-d (1805), d-a (2398) and d-d (1952) 
positions within the cut-off criteria total 7646 or 47% of all interactions. The g position 
of the heptad repeats has 2131 interactions with a or d positions within the cut-off criteria 
or 13% of the total number of interactions within the criteria. The interactions involved 
with position e occur primarily with d and are not as important as the interactions 
involving g. From the data in Table 5.26, a 3D energy surface of the interactions vs the 
heptad positions in chain 8c-1 and chain 7 c is drawn (Figure 5.1 0) and a 3D surface of 
interaction pairs vs the heptad position of chain 8c-1 and 7 c is reported in Figure 5 .11. 
The interaction energy in the heptad positions in both chain 7c and 8c-1 vs the 
total interaction energy as a percentage for the total interactions is shown in Table 5.27. 
The interaction between two coiled-coil helices occur primarily at the a and d positions of 
heptad repeat. The e and g positions are also important. Positions other than a, d, e, g 
have few interactions of significance. The linking segments contribute less than 5% of 
the interactions within cut-off criteria and do not significantly effect the interaction energy 
of the coiled-coil rod domain section of wool. 
Table 5.27. The percentage of the interaction energy corresponding to positions of the 
heptad repeat. 
Contribution of energy % Contribution of interaction % 
Position 7c 8c-1 7c 8c-1 
a 24.1 38.8 34.9 30.2 
b 5.5 4.4 1.9 2.6 
c 5.5 5.5 2.1 2.6 
d 37.5 29.2 34.8 38.5 
e 0.9 1.4 10.1 8.2 
f 2.3 2.8 1.4 1.3 
g 9.1 10.9 12.1 12.3 
linkage 1.9 7.1 2.6 4.6 
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Some 70% of the inter-chain interaction energy is from the a and d positions (Table 5.27) 
and 60% of the inter-chain interactions take place between residues at these heptad 
positions. The interactions involving residues at position g contribution 10% to the total 
interaction energy. The interactions involving position e are 10% of the total number of 
interactions but contribute 1% to the interaction energy. The interactions involving 
position b, c, f can be ignored in the analysis of inter-chain interactions. 
5.3.7. The solvent accessible surface (SAS) area and volumes of the rod domain 
The solvent accessible surface area and volume of the four coiled-coil helical 
segments of the rod domain have been examined with a molecular probe of radius of 1.4 
A using the program Gepolt. The SAS areas of each of the individual amino acid 
residues are calculated and given in Figure 5.12. 
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Studies of the structure of globular proteins have shown that in an aqueous 
environment a polypeptide chain adopts a conformation in which the charged side-chains 
are exposed to the solvent. The charged and uncharged side-chains therefore exert an 
important influence on molecular shape. 6 Molecules with a high proportion of charged 
residues would be expected to assume a shape with a high surface area/volume ratio. 
Attempts have been made to place such considerations on a quantitative basis. The 
higher-than-average concentration of charged residues in the coiled-coil a-helical sections 
I 
of proteins particularly keratin would appear to be related to the high ratio of surface area 
to volume of the coiled-coil structure. The SAS total areas and volume of each of the four 
helical coiled-coil segments have been calculated (Table 5.28). The coiled-coil structure is 
stabilised by the charged residues occupying positions such that they are directed away 
from the major axis. The ratio of the SAS area/volume are reported in Table 5.28. 
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2B 19689 56339 0.349 
The surface area/volume ratio may have some relationship to the percentage of 
exposed charged residues in the helical segments (Table 5.12). The segment 2A of the 
coiled-coil rod domain has the highest surface area/volume ratio (0.372) compared with 
that of the segment 1A, 1B and 2B. In segment 2A all the charged residues (100%) are 
exposed. Segment 2B has 69% of the charged residues exposed, the lowest percentage 
of the four helical segments. This segment has a lower ratio of surface area/volume than 
segments 1B and 2A. For segment 1B, the area/volume ratio is 0.358 and the percentage 
of exposed charged residues (86%) is higher than for segments 2B and lower than for 
2A. However, this does not account for why segment 1A where the percentage of 
exposed charged residues (98%) is higher than 1B and 2B has an area/volume ratio 
(0.349) lower than 1B and close to 2B. Further investigation is required to address this 
problem. 
5.4. Conclusion 
A full atomic model of the coiled-coil rod domain of wool protein has been 
established by using the MCPB/MCPBA modelling procedure. For the particular knob-
hole heptad repeat model investigated the minor helix of the coiled-coil helix, the number 
of the residues in a turn is between 3.50 and 3.55, the rotation angle per residue 102.9, 
the pitch is ca. 5.15 A, the radius is in a range of 2.6 to 2.8 A. For the coiled-coil helix, 
the pitch of the rod domain is different in each of the four helical segments and is in the 
range 124 A- 190 A. The radius of the coiled-coil is in the range 5.2 A- 5.7 A and 
varies between the helical segments. An average value of the crossing angle is 23.0°. 
The distribution of the residues in the heptad repeats for the model investigated 
shows 34% of leucine residues in rod domain are located at the d position and 25% of 
leucine residues located at the a position. The inter-chain interactions of the coiled-coil 
helices with the cut-off criteria tas defined are greatest between the d-a, d-d, a-a and a-d 
positions. 
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The assignment of heptad repeats can significantly effect the stability of the 
structure and further models will need to be generated and investigated for give a more 
comprehensive understanding of the rod domain of wool. The software reported in this 
thesis makes this a readily accessible goal. The interaction energy involving charged 
residues and polar residues are more important than those involving non-polar residues. 
Excluding aromatic-aromatic interactions the interactions between the non-polar and non-
polar residues marginally destabilise the coiled-coil but are positioned between the chains 
to minimise the destabilising effect they would exhibit in a polar environment. The 
interactions between the aromatic-aromatic residues contribute -0.06 (kcal/mol)/per 
interaction. This interaction is stronger than between non-polar non-polar interactions, 
but weaker than the polar/ionic interactions. The interchain hydrogen bonds of the two 
helical chains significantly contribute to the inter-chain interaction energy but are limited 
in number. No cysteine residues were found the chains in the coiled-coil rod domains 
positioned closely enough to result in formations disulfide bonds between the protein 
chains. 
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Conclusion 
Non-linear regression equations have been developed to establish a relationship 
between the C a coordinates of a protein and the backbone dihedral angles <P and 'I'· This 
relationship has been used to predict absolute values of the dihedral angle <P and \jl of a 
protein backbone knowing only the ca coordinates of the protein. The sign of the 
dihedral angles <Pi and 'l'i of the ith amino acid is assigned from a comparison of the Ci-
1a to Ci+P distance and the Ci-1a, cia, Ci+la, Ci+2a torsional angle with predetermined 
ranges of these values established to best correlate with sign. For a-helical regions, 
98%, 96% and 95%, 91% respectively of the dihedral angles <j> and \jl fall within± 45° 
and± 30° windows of the value in the X-ray structure. For P-sheet regions 96% and 
91% fall within± 45° window and 88% and 81% within± 30° window. The overall 
accuracy for the prediction of the backbone dihedral angles for the twenty-four proteins 
is 94% and 91% respectively within a± 45° window and 88% and 81% within± 30° 
window. The NLRDT method is most successful in predicting dihedral angles of 
proteins rich in a-helix and P-sheet. The use of this methodology to build models of 
coiled coil proteins from ca coordinates therefore offers potential. The secondary 
structure motif of protein can be assigned by either the RDA or DTC methods. The 
latter method is simpler and more accurate. Both methods are somewhat better than 
previously reported methods and are, like all methods, most successful for the 
assignment of secondary structure for a -helices and p -sheet. We will report the 
application of the former method to coiled coil proteins in chapter three. 
A MCPB method that allows for the construction of a protein backbone from ca 
coordinates has been developed. The method requires the ca coordinates to be known 
but the sequence is not required. The method gives the backbone structures whose 
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coordinates deviate from the X-ray coordinates by an average of 0.52 A before energy 
minimisation and 0.43 A after energy minimisation with the Opls/ Amber force field and 
GB/SA solvent method comparing favourably with other methods. The computational 
time to generating the backbone coordinates is cost effective. The method is not 
demanding in computer time even with inclusion of the energy minimisation. The 
method is accurate, efficient and robust for the modelling of protein backbones. The 
modelling technique has the potential when integrated into and used in conjunction with 
traditional X-ray techniques to speed up structure solution. 
A simulated annealing procedure is reported to predict side-chain coordinates. 
The Monte Carlo Protein Building Anneal method (MCPBA) is a simple method for 
modelling full atomic structure of proteins starting only with the coordinates of ca 
atoms and the amino acid sequence. The method is accurate, efficient ( 40s/residue on an 
IBM RS/6000) and insensitive to random errors of up to 1 A in ccx position in ccx 
coordinates. For main-chain atoms the r.m.s.d averages as 0.45 A and for all non-
hydrogen atoms r.m.s.d of 1.61 A. We will subsequently report the use of the MCPBA 
method to generate the complete atomic coordinates of the coiled-coil structures of rod 
domain in wool protein. The method is easy to use and does not require a large number 
of protein data base as required for homology building. The accuracy of the method is at 
least comparable with methods previously reported but not as accurate as Levitt's SMM 
which however requires a large protein data base. The MCPBA method is applicable 
therefore in situations where no suitable data base is available and complements data 
base homology modelling. 
A full atomic model of the coiled coil rod domain of wool protein has been 
established by using the MCPB/MCPBA modelling procedure. For the minor helix of 
the coiled coil helix, the number of the residues in a turn is in a range of 3.50 to 3.55 
with an average value of 3.52, the rotation angle of per residue 102.9°, the pitch is about 
5.15 A, the radius is in a range of 2.6 to 2.8 A. For the coiled coil helix, the pitch of the 
rod domain is different in each of the four helical segments and is in the range 124 A-
190 A with an average value of 172 A. The radius of the coiled coil is in the range 5.2 
A- 5.7 A and depends on the particular helical segment. The average value of the radius 
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is 5.56 A for the rod domain. An average value of the crossing angle is 23.0°. The 
distribution of the residues in the heptad repeats shows 34% of leucine residues in rod 
domain are located at the d position and 25% of leucine residues located at the a 
position. The inter-chain interactions of the coiled coil helices with cut-off criteria take 
place between the d-a, d-d, a-a and a-d positions. The correct assignment of heptad 
repeats can significantly effect the stability of the structure. The interaction energy 
involving charged residues and polar residues are more important than those involving 
non-polar residues. The interactions between the non-polar and non-polar residues 
destabilising the coiled coil system but are positioned between the chains to minimise 
the destabilising effect. The interactions between the aromatic-aromatic residues 
contribute -0.06 (kcallmol)/per interaction. This interaction is stronger than between 
non-polar non-polar interactions, but weaker than the polar/ionic interactions. The 
hydrogen bonds formed in side-chain between the two helices significantly contribute to 
the inter-chain interaction energy but are limited in number. No cysteine residues were 
found the chains in the coiled coil rod domains positioned closely enough to result in 
formations disulphide bonds between the chains. 
Many methods are included in this modelling procedure as detailed in the 
previous chapters. These have included the assignment of secondary structure from the 
ca coordinates; regression analysis between dihedral angles and the ca coordinates; 
transformation of the internal coordinates to Cartesian coordinates; the generation of ca 
atoms of coiled coil helices with a left-handed supercoil and a right-handed minor 
helix; the generation of the coordinates of the first residue; the generation of the 
backbone atom coordinates from ca coordinates; analyses of an averaging technique; 
simulated annealing for optimising the packing of side-chains; determination of heptad 
repeats of residues in the coiled coil and energy refinement of the model structures. 
Results show that the modelled structures are similar to the X -ray structures for both IF 
proteins and globular proteins. 
Further suggested work in this field would be directed to understanding the 
conformation of the end domains of the non-coiled coil in the microfibril and 
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simulation of the interation of the coiled-coils in the formation of the tetramer of the 
microfibril. 
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Appendix 1 
The algorithm of transforming internal coordinates to Cartesian coordinates 
The Cartesian coordinates of the atom i (where i = 4, 5, ... n) in the protein are 
represented by vector Pi and defined by the preceding three atom vectors labelled P i-1, 
Pi-2 and Pi-3· The internal co-ordinates of the set of three initial redefined atoms, Pi-1, 
Pi-2 and Pi-3 are chosen to have bond length di from Pi to Pi-1, bond angle Ai defined by 
Pi, Pi-1, Pi-2, and dihedral angle XJ., between Pi, Pi-1, Pi-2, and Pi-3. The range of values 
for the internal coordinates di, Ai, Xi, are [0, oo], [0, 11:], [-11:, 7t] respectively. A new 
Cartesian system is created at the coordinates represented by the atoms corresponding 
to the vectors Pi-1, P i-2 and P i-3 to satisfy the following conditions; 
(i) The origin of the new system is first placed on the point corresponding to the vector 
Pi-1. 
(ii) x-axis is drawn from Pi-2 to Pi-1· 
(iii) The xOy plane of the new coordinate system is the plane defined by the atoms 
corresponding to the vectors Pi-1, Pi-2, Pi-3· Pi is positioned so that Ai = 180° and Xi= 0°. 
The Cartesian co-ordinates of the atoms corresponding to the vectors Pi-3, Pi-2, Pi-
1 on the system are Pi-1 = (0, 0, 0), Pi-2 = (-di-b 0, 0) and Pi-3 = (-di-1 + di-2COSAi-b di-
1sinAi-b 0). 
Two operations are utilised during the above transformation (see Figure 1), 
namely rotation about z-axis by (n-A.) to satisfy the bond angles Pi, Pi-1, Pi-2, and 
rotation about x-axis by X to satisfy the dihedral angles Pi, Pi-1. Pi-2, and Pi-3.· The 
Cartesian co-ordinates Pi on the new system can be written as; 
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where U(f.v) and R(X) are rotation matrixes about z-axis and x-axis respectively and di is 
the distance (bond length) of Pi to P i-1· The Cartesian co-ordinates of the atom 
corresponding to the vector Pi on the original system can be determined by 







x- axis X degrees 




z'- axis 1t-A degrees 
Figure 1. The transformation of internal co-ordinates to Cartesian co-ordinates 
1 DudekM. J., ScheragaH. A. J. Camp. Chemistry (1990) 11, 121-151. 
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Appendix 2. 
The determination of the parameters of the helical axis 
1. The parameters defining the a-helix 
For a simple helix, the parameters which define the helix are the pitch (p ), the 
radius (r), the rotation angle (ro), the rise (d) per residue, the residue number (n) per 
turn and the helical angle (p). The pitch (p), the rise (d) per residue and residue number 
(n) per turn have a relation defined by the equations; 
p = d*n; 
and n = 2n/ro. 
The pitch (p), radius (r) and the helical angle (b) has a relation as; 
tan p = 2nrlp 
For a coiled-coil helix, the parameters of the major helix are pitch (P), radius (ro), 
the rotation angle (roo) of coiled-coil, the rise (H) per minor turn, the helical angle (Po) 
and the number of the residue (N 1) per major turn. The pitch (P) and the number of the 
residue per major turn (N 1) have a relation defined by the equations; 
P = H*(2n/roo); 
and N 1 = P/(H*cos(Po)). 
The pitch P , radius and helical angle Po have a relation as; 
178 
Appendix 2: The determination of the parameters of the helical axis 
2 The method for determining axis of an a-helix 
The method for determining the axis of a simple helix of a protein has been 
developed by P. C. Kahn.l The principle of the method is to construct a vector Pl from 
the origin to ca 2. From ca 2, vectors A and B are constructed to ca 1 and ca 3 
respectively. The bisector of the angle defined by A and B will be perpendicular to the 
axis of the helix which we wish to define. The vector sum of A and B, a new vector 
namely V 1, is perpendicular to the axis of the helix. The new vector V1 is normalised. 
The vector V2 is obtained in the same way as vector V 1 but from caz, ca3 and ca4· 
Therefore, the vector Vi can be obtained in this way from the atoms cai, cai+l and 
cai+2. This process is repeated to can-1· Let Pi+1 be the vector from the origin to the 
cai+1 of the cai, cai+l and cai+2· Since Vi and Vi+1 are perpendicular to the axis of the 
helix, the cross product of these two vectors will define the direction of the axis. The 
cross product of vi and vi+1 is made by the equation 
where co is the angle between these two vectors vi and vi+1· 
A vector Ho is defined to be equal the cross product, 
The vector Ho is Normalised to get a unit vector hi by the equation; 
(1) 
(2) 
where; hix, hiY and hiz are the component vectors of hi in the direction of the x, y and 
z axis respectively, and 
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hix = Hoxllllol 
hiY = lloy/lllol 
hiz= Hozllllol 
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Let r i be the radius of the helix corresponding the Vi and d i the distance between two 
parallel vectors Vi and V i+l· ~ and H i+l are vectors, from the origin to the 
intersections of (ri)* vi and (ri+l)* vi+l with the helical axis. It follows that 
~=pi+ (ri)*Vi 





To solve these equations, fi and fi+ 1 must be assumed to be equal. The radius of the 
axis of the helix at points cai+l and cai+2 can be obtained; 
(6) 
To solve equation 6, one needs di, which is obtained as the projection of (Pi+l- Pi) on 
hi, the axis of the helix, since Vi and V i+l are skew lines, ie. lines in parallel planes. 
Thus di is the perpendicular distance between two lines perpendicular to the axis and 
cutting the helix through the cas at pi and pi+l; 
(7) 
Substitution of di from equation (7) to equation (6) gives fi, and substitution of fi into 
equations (3) and (4) yields two points on the axis, each opposite the central ca of each 
trio. Successive sets of four ca atoms allows values of the rise per residue, di, and the 
helical radius fi to be calculated. The angular rotation per residue about the axis, the 
number of residues per turn, and the pitch can be obtained easily. The cosine of the 
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angle of rotation (roi) is simply V i*Vi+l· The number of residues per turn (ni) is 
therefore obtained by dividing 360° by cos-1 ( Vi*Vi+1), and the pitch (Pi) by 
multiplying the number of residues per turn by di obtained from equation 7. This 
method requires the number of residues (m) in the helical segment to be greater than 4. 
The parameters (radius, rise per residue, the number of residue per turn, the pitch and 
the helical angle) of the helix are obtained from the average values of fi, di, ffii, ni and 
Pi (i = 1, 2, 3, ... m-1). This completes the description of the helix. 
3 The determination of parameters of simple helical segments. 
The program axisc has been written based on the method described above to 
calculate the parameters of a single helical segment of a protein. The program reads the 
coordinates of the X-ray structure in Macromodel format and extracts the ca 
coordinates. The a-helix segments can be defined based on the values of the torsional 
angles of four consecutive ca atoms. If the torsional angle of four consecutive ca 
atoms is less than 90° and larger than 0 o, the four consecutive C a atoms are considered 
as an a-helical segment. A minimum of four consecutive cas are needed to define an 
a-helix segment. After the a-helix segment is defined, the coordinates of the axis 
relative to the ca positions are calculated. To make the axis smooth, the least square 
method is used to give the best fit to the axis.2 The coordinates of the axis of an a-helix 
are used to define the axis of the coiled-coil helix. The program has been tested on the 
X-ray structures of the proteins lROP, 2ZTA and tropomyosin to determine the axis of 
the helical segments. In addition the theoretical model of MLP has also been examined. 
The segment lB of the rod domain in wool protein was generated by the program 
supercoil. (see Table 4). 
Table 4. The parameters of the simple a-helix segments in the X-ray structures 
Protein Helical chain r 
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2 2.360 1.281 98.92 3.643 4.655 23 
2ZTA 1 2.331 1.330 99.703 3.612 4.807 28 
2 2.362 1.369 98.568 3.655 5.013 28 
MLP 2.281 1.427 100.58 3.583 5.136 55 
2 2.280 1.428 100.55 3.585 5.142 55 
Tryp. 2.415 1.289 99.292 3.628 4.672 281 
2 2.364 1.274 99.312 3.627 4.616 277 
Wool.1B 1 2.285 1.441 100.03 3.599 5.187 99 
2 2.285 1.441 100.03 3.599 5.187 99 
Note: The amino acid residue is represented by ca. atoms. r, the radius (A); d, the rise 
per residue (A); co, rotation angle ( 0 ); n, the number of residues per turn; p, the pitch 
(A); m, the number of residues in the helical segment. 
The values in Table 4 are experimental average values. The average radii of the 
amino acid residues (C<X) in the a-helix is around 2.3 A. The average rise of per 
residues is 1.3 A. In the protein lROP, the average rise per residue in two chains is 
quite different. The average rotation angle of each residue is about 98° to 99°. This is 
not the case for the theoretical model of MLP and Wool lB which is interesting 
because the rotation angles per residue are less than 100°. This means that there are 
more than 3.6 residues per turn in the coiled-coil a-helix region of the natural protein. 
If the number of residues per turn is 3.5, in the supercoil helix of native proteins, which 
has been the previous assumption,3,4 the rotation angle should be 102.86°. Such a value 
has not been observed in the crystal structure of these coiled-coil proteins. The pitch is 
related to the rise of per residue and residue number per turn. The pitch of a-helix is 
generally smaller than 5.0 A in the crystal structures of the coiled-coil helices. 
4. Determination of the parameters of a coiled-coil helix. 
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The parameters of the coiled-coil helix can also be calculated in the following 
way. The radius (Ro) of the coiled-coil helix is the distance between the two axis 
divided by two. The rotation angle (COo) is the crossing angle of two vectors: one vector 
is from ith point of one axis to the relative ith point of the second axis and the second 
vector is from the (i+ 1 )th point of one axis to the relative (i+ 1 )th point of the second 
axis. The helix angle (~o) is the crossing angle of another two vectors: one is from the 
ith point to the (i+ 1 )th point of one axis and other is from the ith point to the (i+ 1 )th 
point of second axis. The rise (H) per residue is the length of a vector that from the (i)th 
point to the (i+1)th point on one axis and then multiplying by cos(~o). The pitch (P), 
the number of residues per major turn (N 1) and the length of the segments (S) of the 
coiled-coil helix are; 
P = H*(2n/roo); 
N 1 = P/[H*cos(~o)]; 
S = M*H*cos( l3o). 
Where M is the number of residues of the one chain in the coiled-coil helix. 
The direction of the two coiled-coil helical chains is defined by the values of the 
angle l3o which is generally smaller than 45 o for the parallel coiled-coil helical chains. 
If the value of helical angle l3o is larger than 45°, the two chains are considered to be 
anti-parallel. These parameters are listed in Table 5. 
Table 5 The parameters of the coiled-coil helix 
Code Ro (A) roo ~0 H(A) P(A) N1 s (A) Direction 
1RQP5 Exp 4.600 -a 9.750 172.5 Antiparallel 
Calc. 4.430 3.028 9.624 1.514 177.4 118.89 34.3 Antiparallel 
2ZTA6 Exp 4.650 13.50 Parallel 
Calc. 4.856 3.742 12.961 1.517 142.2 96.21 41.4 Parallel 
MLP7 Exp 4.125 186.0 126.0 87.0 Parallel 
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Calc. 4.451 2.879 8.843 1.499 185.2 125.03 86.0 Parallel 
Tryp. 8,9 Exp 4.00 - 1.500 137.0 - 410.0 Parallel 
Calc. 4.328 3.838 11.185 1.500 138.0 93.79 407.5 Parallel 
WooJ.lBlO Set 4.200 2.800 8.071 1.514 186.0 126.00 Parallel 
Calc. 4.263 2.851 8.277 1.492 186.6 126.27 146.3 Parallel 
a No value was reported. Note; Ro radius of coiled-coil helix (A); roo rotation angle of 
the axis of minor helix; ~0 the helical crossing angle of coiled-coil helix; H, the rise per 
minor turn (A); P the pitch of the coiled-coil helix (A); N 1 the number of residues in 
one major turn; S the length of the coiled-coil segments (A). Exp, means these 
parameters are taken from the previous reports in references as given. Calc, means 
these parameters are calculated by program axisc. 
From the calculations, the radius of the coiled-coil helix segments in the X-ray 
structures is found to be in the range 4.0 A to 5.0 A. The pitch of the coiled-coil helixes 
varies from 137 A to 177 A depending on the proteins. Only 1ROP is an anti-parallel 










Kahn P. C. Computers Chern. (1989) 13, 185-189. 
Kahn P. C. Computers Chern. (1989) 13, 191-195. 
Parry D. A. D., Suzuki E. Biopolymers (1969) 7, 189-198. 
Parry D. A. D., Suzuki E. Biopolymers (1969) 7, 199-206. 
Banner D. W., Kokkinidis M., Tsernoglou D. J. Mol. Biol. (1987) 196,657-675. 
O'Shea E. K., Klemm J.D., Kim P. S., AlberT. Science (1991) 254, 539. 
Mclachlan A. D. J. Mol. Biol. (1978) 122,493-506. 
Phillips G. N., Fillers J.P., Cohen C. J.Mol. Biol. (1986) 192, 111-131. 
Maclahlan A. D., Stewart M. J. Mol. Biol. (1975) 98, 293-304. 
10 
184 
Appendix 2: The determination of the parameters of the helical axis 
Wool 1B was generated by program supercoil. The parameters of the coiled-coil 
helix are taken as pitch= 186 A and radius= 4.2 A. 
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The pictures of the model of the coiled coil rod domain 
1. Full atom model of the coiled coil rod domain in wool fibre 
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2. Theca model of the coiled coil rod domain of wool fibre 
Appendix 3: The pictures of the model of the coiled coil rod domain 187 
3. Full atom model of the helical segment lA of the coiled coil rod domain 
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4. Full atom model of the helical segment lB of the coiled coil rod domain 
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5. Full atom model of the helical segment 2A of the coiled coil rod domain 
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6. Full atom model of the helical segment 2B of the coiled coil rod domain 
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